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CHAPTER 1 
INTRODUCTION: SCOPE AND SUMMARY OF THIS THESIS 
It is beyond doubt that silicon still is the queen of semiconductors, 
nowadays. It has gained this position because of its favourable physical 
and chemical properties for device processing, its low costs and its 
abundance on earth. Nevertheless it is also true that in the last decade 
the family of III-V compound semiconductors has become more and more 
interesting for applications in electronic and opto-electronic devices. 
These developments lie especially in the fields of fast integrated circuits 
and light emitting devices, such as light emitting diodes (LED's) and solid 
state lasers, but also potential applications for solar cells have received 
increasing attention recently. Coupled to these technological developments, 
which are realized in industrial laboratories mainly, is an increased 
effort in the field of fundamental studies of these physically and 
chemically very interesting materials. 
In this context, in October I98I a research project on crystal growth 
and defect studies of III-V compounds was started at the department of 
solid state physics 3 of the Katholieke Universiteit Nijmegen. The aims of 
the project, in which the author of this thesis was involved, were 
threefold: 
1. Development of characterization techniques to perform defect studies on 
bulk and epitaxially grown materials. In this respect, two groups of 
defects must be distinguished, viz. (i) crystallographic defects, including 
for example dislocations, stacking faults, microprecipitates, and (ii) 
point defects, which include native defects, dopants and other impurities. 
2. Development and construction of a new equipment for epitaxial growth of 
III-V crystals. For this purpose, the technique of metalorganic chemical 
vapour deposition (MOCVD) was chosen, mainly because of its very promising 
potentials for the growth of various III-V compounds in high purity and 
applications for production of sharp junction heterostructures. 
3. After realization of these two goals, defect studies of MOCVD grown 
epitaxial layers and a study of the fundamentals of the crystal growth 
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process were the main issues of interest. 
This thesis covers subjects dealing with the first and third item 
mentioned above. Three main groups of studies can be distinguished in this 
work, viz. (i) defect-selective etching of GaAs, (ii) point defect studies 
in bulk GaAs and (iii) epitaxial growth of GaAs by MOCVD. These groups are 
introduced further below, separately. The fundamental defect studies 
discussed in the first two parts of this work are essential for the study 
of epitaxial layers in the third part. In fact, in these chapters the tools 
are provided with which the crystal grower can evaluate the properties of 
the grown layers and interpret aspects of the growth process. 
Throughout this work gallium arsenide, which may be considered as the 
'mother' of the III-V family of semiconductors, is taken as a model 
compound. Its importance within this group of semiconductors, its physical 
and chemical properties which are quite representative for the whole group 
in many respects, the ease with which it can be grown epitaxially, the 
availability of high quality bulk crystals at relatively low costs and the 
background knowledge already present in literature, justify this choice. 
Defect selective etching: crystallographic defects 
One of the most powerful techniques to study crystallographic defects 
in semiconductors is wet chemical etching: differences in chemical 
potential between disturbed areas on the surface and the perfect matrix 
result in differences in etch rates and, consequently, in height 
differences after dissolution of a layer from the crystal. In the past, for 
GaAs several etching systems were described in which hillocks or pits are 
formed on the crystallographically disturbed regions. Most of these etching 
systems, however, require dissolution of at least several microns of 
material and, therefore, are not suitable in a study of thin epitaxial 
layers. In addition, up to now selective etching and the development of new 
systems largely is a matter of 'cookbook' art, rather them science. These 
two points were the reason to start a fundamental and systematic study of 
defect-selective etching of GaAs. Results of this study are described in 
the first part of this thesis, covering chapters 2 to 6. 
In these five chapters two new etching systems, which are based on 
CrOj-HF and CrO^-HCl solutions (called 'DSL' and 'DCL' systems, 
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respectively), are discussed. With these etchants, defects on GaAs can be 
revealed after removal of only a few tenths of a micron from the original 
crystal surface. Kinetics and morphological aspects of these systems are 
described as a function of etchant composition for various types of 
materials and surface orientations. The use of light during etching appears 
to play a crucial role: in most cases both etch rates and the defect 
sensitivity are strongly increased by illumination (chapters 2,5,6). For 
the DSL system, the results of a fundamental electrochemical study and a 
detailed mechanism for the dissolution process are presented in chapters 3 
and 4. With the proposed (surface-¡reaction scheme, all characteristics of 
the etching system can be explained and some general concepts for 
defect-selectivity are defined (chapter 5)· With these tools, 
interpretation of the surface morphology after etching turns out to be 
possible in many cases. The insight in the principles of selective etching 
gained in this work are believed to allow for a more systematic approach in 
the development of new etchants (also for other semiconductor materials) in 
the future. 
Point defect studies in bulk GaAs 
Many physical properties of semiconductor crystals, such as free 
carrier type and concentration, carrier mobility, carrier lifetime, 
radiative properties etc., depend on point defects in the material. In this 
respect, the native defects (vacancies, interstitials and antisites), 
impurities (dopants and unwanted elements) and also complexes may play an 
essential role. 
The main technique to study the nature of point defects in III-V 
crystals is low temperature photoluminescence (p.l.), since many impurities 
and native defects act as radiative recombination centres for 
photogenerated carriers in these materials. For most of the frequently used 
dopant elements with low ionization energies, the relation with the p.l. 
properties is well-established. However, for the native defects themselves, 
for impurities with deeper levels in the forbidden gap and for point defect 
complexes, such relations are not so clear. Consequently, for p.l. spectra 
which contain peaks related to such centres a large variety of 
interpretations can be found in literature. 
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Chapter 7 reports on results of a fundamental study on the point 
defect household in GaAs and its relation to p.l. spectra. In this work, 
GaAs crystals were annealed in closed ampoules tonder very pure conditions. 
Here, arsenic and gallium vapour pressures were fixed, in order to 
establish well-defined (point-defect) equilibrium positions within the 
phase diagram. Also, some experiments are reported in which impurity 
elements were deliberately added. Interpretation of the results leads to 
identification of several defects and their corresponding p.l. lines. 
Additionally, new fundamental conclusions are drawn on point defect 
equilibria and the diffusion behaviour of various defect centres. 
Epitaxial growth of GaAs by MOCVD 
The third part of this thesis covers the subject of crystal growth by 
metalorganic chemical vapour deposition (MOCVD), in which both aspects of 
the growth process itself and characterization of epitaxial layers are 
treated. 
Slightly more than a decade ago, Hal Manasevit was the first to grow 
GaAs from arsine and trimethyl-gallium (TMG) epitaxially. This process, 
which is conducted at elevated temperatures, can be represented as follows: 
Ga-(CH 3) 3 + AsH 3 7°°°
C) 3 СЩ * GaAs (s) 
Ever since, the interest in this CVD technique has strongly increased and a 
large number of III-V compounds and structures can now be grown routinely. 
However, these developments are to a large extent technological and still 
several aspects of the crystal growth process are not well understood. 
These include the origin, nature and formation of defects in the layers and 
the gas flow dynamics. 
One of the factors in the MOCVD process which, up to now, has received 
only little attention is the gas flow dynamics. Since the GaAs growth rate 
in MOCVD is limited by mass-transport of the Ga growth component, flow 
dynamics coupled with diffusion govern the deposition rates and, therewith, 
the gas phase depletion. In chapter 8, this subject is treated for 
horizontal CVD reactors. In this study, it is clearly shown that a profound 
knowledge of flow patterns and concentration profiles in the cell are 
essential for optimization of the reactor construction; in this respect two 
important factors are homogeneous growth on large surface areas and 
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minimization of gas memory effects, which is essential in the growth of 
heterostructures with sharp interfaces. 
In chapter 9 the results of an extensive study of point defects in 
GaAs epitaxial layers are presented, making use of the experience gained in 
the photoluminescence studies described in part II. The main strength of 
this work lies in the fact that a large number of independent growth 
parameters was varied. It is shown, for example, that not only intrinsic 
parameters, such as As/Ga ratio in the input gas and temperature during 
growth, but also the position in the reactor cell is of critical importance 
for impurity incorporation. In this study also some conclusions are drawn 
about the origin and the incorporation mechanisms of the most important 
impurity elements. 
In chapter 10, the structure and origin of various morphological 
growth defects is discussed. In this study both the relation of these 
features with MOCVD growth parameters and their crystallographic structure 
is shown. The most important techniques used in this structural evaluation 
are (sequential) defect- selective etching (DSL) in combination with 
optical- and electron-(SEM,ТЕМ) microscopy. In order to study the origin of 
the defects, growth conditions were systematically varied. From these 
results, several conclusions on surface processes during MOCVD crystal 
growth are drawn. 
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PARTI 
DEFECT SELECTIVE ETCHING OF GaAs 
CHAPTER 2 
SELECTIVE ETCHING AND PHOTOETCHING 
OF {100} GALLIUM ARSENIDE IN СЮз-HF 
AQUEOUS SOLUTIONS. 
I: INFLUENCE OF COMPOSITION ON ETCHING 
BEHAVIOUR 
J.L. Weyher and J. van de Ven 
Journal of Crystal Growth 63 (1983) 285-291 
reprinted with permission 
Journal of Crystal Growth 63 (1983) 285-291 
North Holland Publishing Company 
285 
SELECTIVE ETCHING AND PHOTOETCHING OF {100} GALLIUM ARSENIDE IN CrOj-HF 
AQUEOUS SOLUTIONS 
I. Influence of composition on etching behaviour 
J WEYHER* and J VAN DE VEN 
Department of Solid State III Faculty of Science RIM Catholic University ToernooiveldL 652 ^ ED Nijmegen The Netherlands 
Received 10 May 1983, manuscnpt received in final form 21 July 1983 
ТЪе etch rale and surface morphology of η-type Si doped (100) GaAs versus composition of CrO, HF H 2 0 mixtures were 
studied Two ternary diagrams (i) with and (u) without laser illumination have been drawn and described Particular attention was 
paid to finding mixtures suitable for shallow revealing of defects in thin epitaxial Іауегь and in bulk GaAs High resolution etch 
patterns have been obtained after photoelching (etch depth 0 1 to 0 2 μτη) and after etching without illumination (etch depth 0 5 to 5 
μτη) Defects can also be revealed on semi insulating and p-type GaAs although the sensilivitv is then decreased and an etch depth of 
0 5 to 1 м т is required to produce well resolved surface patterns This Sirtl like defect revealing system (DSL) has been calibrated 
and confronted with the well known AB etch and ABI-DABL systems [Saitoh et al J Eleclrochem Soc 122 (1975) 670 
Munoz-Yague and Bafleur, J Crystal Growth 53 (1981) 239] 
1. Introduction 
Since the application of a mtnc acid solution as 
a selective elchant for GaAs by Schell [Ί] several 
different mixtures were developed to reveal defects 
on GaAs surfaces The main steps in the history of 
selective etching of GaAs are diluted aqua regia 
by White and Roth [2], diluted nunc acid with 
silver ions by Richards and Crocker [3], the AB 
solution by Abrahams and Buiocchi [4], molten 
potassium hydroxide at 300°C by Grabmaier and 
Watson [5], sulphuric acid-peroxide aqueous solu­
tions used with illumination by Kuhn-Kuhnenfeld 
[6] and finally mixtures containing chromium tn-
oxide by Cardwell and Stirland [7] A detailed 
description of the etching behaviour of these 
etchams was given by Stirland and Straughan in a 
review paper [8] and by Stirland [9] In the mean­
time, the concept of selective photoelching of GaAs 
[6] was further improved by Saitoh el al (10] and 
Munoz-Yague and Bafleur [11] Recently a very 
On leave from the Institute of Materials Science and En 
gineenng Warsaw Technical University Ul Narbutta 85 
02 524 Warsaw Poland 
sensitive defect revealing action has been obtained 
using diluted chromium oxide-fluoric acid mix­
tures under laser illumination [12] Some of these 
mixtures in concentrated form are known as "Sirtl 
etches" [13] and are commonly used for preferen­
tial etching of silicon The application of diluted 
versions of Sirtl mixtures for GaAs was first sug­
gested by Roman and Wilson [14], while the con­
centrated Sirtl etch was used to produce large 
crystallographic hillocks for the purpose of onen-
tation alignment [13] and to distinguish the non-
equivalent (011) and (01Ϊ) directions on a {100} 
plane [16] However in these papers the origin of 
etch features was not described 
The aim of this paper is to report on a sys­
tematic study of etch features on n-type {100} 
GaAs surfaces, which result from the action of 
mixtures varymg in composition within the 
C r O j - H F - ^ O system, with and without il­
lumination Particular attention is given to defi­
ning those mixtures which are suitable to produce 
highly resolved patterns related to defects Some 
advantages of these etchants as compared with the 
AB solution are discussed 
In this paper the following nomenclature for 
0022-0248/83/0000-0000/$03 00 S 1983 North-Holland 
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selective etching of GaAs (i e defect revealing) is 
used 
(i) preferential etching - producing faceted fea­
tures (as with molten KOH), 
(u) non-preferential etching - producing non-
faceted features (as with the AB etch) 
2. Experimental 
The samples used in the main part of this study 
were cut from open boat Bndgman grown crystals, 
Si doped with earner concentrations of (1 2 to 
2 7)XlO l e cm 1 and {100} orientation of the 
surfaces After conventional mechano-chemical 
polishing, all samples were anodically polished in 
0 5M EDTA solution [17] in order to remove - 5 
μτη The residual oxide layer of - 1000 A thick, 
protecting the surfaces of samples from dust con­
tamination, was removed with a HCl-water solu­
tion just before an etching experiment 
The etching solutions were prepared by diluting 
basic HF/СгОз " S " mixtures (Sirtl of Sirtl-like 
basic mixtures) The notation D,
 x
S
a/l>L for these 
etchants has been adopted from an earlier paper 
[12] 
D,
 x
 - dilution of 1 volume part of basic mixture 
with χ volume parts of water, 
S
a/t, - basic mixture consisting of a and ft volume 
parts of HF (48 wt%) and CiO, (33 wt%) aqueous 
solutions respectively, 
L or I - designates that a laser or another source 
of illumination has been used during etching 
A charactenslic feature of this Ο Γ Ο , - Η Ρ - Ι ^ Ο 
system is that neither precipitates are formed dur­
ing preparation of the basic 8
а/І> mixtures nor 
ageing of concentrated or diluted etchants has ever 
been noticed The samples were etched without 
stirring in a Teflon beaker at 22 ± 2°C The thick­
ness of the solution layer above the sample surfaces 
was constant in all etching experiments During 
pholoelching the samples were illuminated by a 
6328 Á He-Ne laser, with an output power of 120 
mW/cm2 and beam diameter of 5 mm For large 
area photoetching, a 250 W halogen lamp was 
used which gave a power of — 320 mW/cm2 
The GaAs samples were partially masked with 
"apiezon W" to enable exact measurement of the 
etch depth by a step profiler After etching, the 
surface features were examined with interferenct 
contrast microscopy and SEM 
3. Experimental results and discussion 
3 1 Etch rates 
The etch rates without and with laser light are 
plotted in the form of working diagrams in fig 1 
Here the etching velocity is given as a function ol 
composition of basic S mixture with the dilutior 
ratio as parameter The large scatter in etchinf 
velocity of the 82/, and 85/, mixtures is caused b) 
surface macroroughness - numerous hillocks are 
created during etching which makes precise mea 
sûrement with the step profiler difficult The na 
ture of these hillocks is discussed in Part II [19] 
For the other measurements the accuracj 
amounted to ±5% 
A very important feature of the C r O ^ - H F - H ^ 
system is that for a relatively large range of Cr03 
neh mixtures the etch rates without illurmnatior 
are zero while under illumination attack of thi 
surface is still considerable (compare figs la anc 
lb) This makes local photoetching possible 
without noticeable etching of the non-illummatet 
surface Indeed, it was proved that, when sue! 
solutions were used in combination with a strongb 
focussed laser beam, effective local "drilling" о 
the GaAs sample occurred [18] At the same time 
the increasing difference in etching velocities will 
and without illumination with increasing con 
centration of CrO, in basic S mixture, suggest 
that in the CrO^nch part of the diagram, thi 
surface reactions become rate limiting Thus, thesi 
mixtures should be particularly suitable for higl 
resolution selective photoetching - see section 3 2 
S 2 Sur/ace morphology after etching general de 
scriptwn 
3 2 1 No illumination 
Surface structures obtained after etching ar< 
indicated in the ternary diagram in fig 2 In th< 
diagram, lines of constant HF/СЮ·, ratio an 
drawn (instead of constant HF or CrO, per 
17 
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СгОз un 1/5 
Fig 1 Elch rates oí {100} Si-doped GaAs as a function of composition of basic mixlureç (S„
 л
 conlaininga and b volume parts of 48 
wl% HF and 33 wl% Cr0 3 in HjO respectively) for different dilution ratios (D! л) (a) without illumination (K) (b) with laser 
illumination (VL) 
СгОз 
"а/Ь 
Fig. 2 Regions of different surface morphology after etching 
without extra illumination (I) etch rate zero (II) defect reveal-
centage), which result from the preparation proce­
dure of different S
u / I > diluted mixtures Morpho­
logically three main regions can be distinguished 
in this diagram 
(I) no etching was detected, 
(II) defects are seen after removal of 0 5 to 5 /im, 
(III) rough surfaces are produced during etching 
Within the latter region the subregion Ilia must 
be discriminated where besides microroughness 
large hillocks are created (macroroughness) In 
spite of the fact that the defects are seen, region 
III cannot be used for defect revealing because of 
micro- and macroroughness Taking into account 
mg action, (111) rough surface (Ilia) large etch hillocks Dashed 
region indicates the recommended range of composition for 
defect revealing 
18 
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Fig. 3. Etch patterns obtained without illumination with (a) 
S 1 / 5. etch depth ρ * 0 4 μιη; (b) S 1 / 2 . /J = 10 μην D. disloca 
bons; S, (growth) stnations. 
the status of the surfaces, the recommended region 
for defect revealing without light is indicated as a 
dashed field in fig. 2. The action of the etchants 
from this region is illustrated by the pictures ш fig. 
3. Different defects such as growth striations, dis­
locations and microprecipitates can be dis­
tinguished even after removal of only 0.5 μ m (fig. 
За), but well resolved etch patterns are produced 
after deeper etching (fig. 3b). These etch figures 
are mainly etch hillocks or ridges. The identifica­
tion of them has been estabhshed by subsequent 
AB etching. 
3.2.2. Laser or halogen lamp illumination 
Use of light during etching increases the etch 
rate (fig. 1) and also improves the resolution of 
etch figures, thus considerably diminishing the etch 
depth required to reveal defects. The ternary dia­
gram can now be devided into two main regions 
(fig. 4): 
(I) high resolution defect revealing; 
(II) rough surfaces with or without defect reveal­
ing. 
Similarly to the non-illuminated case, micro-
roughness is characteristic of almost the whole 
region II, being especially well pronounced for 
D, , and D,
 2 mixtures (fig. 5). The range of 
compositions producing etch hillocks - subregion 
Ha - is larger than in the non-illuminated case. 
This kind of macroroughness is illustrated in fig. 
6a and, as will be shown in Part II [19), is not 
related to any structural defects. It is also worth 
noting that the HF-nch mixtures - subregion IIb 
- do not attack the GaAs samples in a selective 
manner. This is evident from figs 6a and 6b. After 
photoetching of two parts of the same sample, the 
defects are clearly seen in fig. 6b. while they 
cannot be recogmzed in fig. 6a. This indicates that 
in subregion lib the reaction on the GaAs surface 
is no longer the rate limiting step of etching. The 
same conclusion can be drawn from comparison of 
etching velocities of different Dj iS
u / ;, mixtures 
with and without illumination (KL and V, respec­
tively) (fig. 7). The ratio VL/V increases with an 
Fig. 4. Regions of different surface morphology after etching 
with laser illumination: (I) defect revealing. (la) defect reveal­
ing. no etching without light: (II) rough surface; (Ila) rough 
surface + etch hillocks, (lib) non-selective mode of etching. 
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Fig. 5. Etch pattern after D, i S 2 / ] L etching, ρ * 2 2 μιη 
increasing amount of CrO,, i.e. for the S2/l to S,/, 
range of compositions the chemical reaction is a 
rate limiting step and a very sensitive selective 
Fig- 6. Etch patterns after etching with (a) Dj ,5 , , ,,L, ρ ^l 
μτη and (b) D 3 I S J ^ L I /> « 1.2 μην These pictures correspond 
to points A and В respectively, marked in fig. 7. 
-
-
• 
E 
/ / 
/у V А 
9
 — ' 1 1 1 I I * 
СгОз 15 12 1.1 2 1 5.1 111 HF 
S
» ' b - . 
Fig. 7. Etch rates as a function of composition of D 3 , mixtures 
with (curve 1) and without illumination (curve 2). 
etching can be expected. On the other hand, in the 
HF-rich region of the ternary diagram the V^/V 
ratio continuously decreases with increasing 
amount of HF. This suggests that the diffusion in 
the liquid - most probably of oxidizing СгОз 
species - becomes the rate limiting step, giving rise 
to a non-selective mode of etching in subregion 
lib. Nevertheless, these mixtures cannot be used 
for polishing because of numerous hillocks formed 
during etching. 
Region I of the diagram from fig. 4 gives a wide 
variety of sensitive mixtures suitable for defect 
revealing. When local selective etching is required 
a mixture from subregion la should be taken. If 
there is need of a sensitive and slowly acting 
mixture (e.g., when thin epitaxial layers have to be 
characterized), etchants from region la with dilu­
tion ratio larger than 1 :4 are recommended. For 
η-type. Si doped GaAs, removal of only 0.1 to 0.2 
μνα of material is required to reveal all defects like 
growth striations, dislocations, stacking faults and 
microprecipitates (fig. 8a). When the thickness of 
the removed layer is not critical also the con­
centrated versions of S,^ or S 1 / 2 basic mixtures 
can be used, giving excellently resolved images of 
defects after removal of 0.5 to 1.5 ftm (fig. 8b). 
The etch figures obtained after shallow photo-
20 
290 J Weyher. J. oan de Ven / Etching of {100) CaAs in CrOj-HF I 
Fig. 8 Etch patterns after etching with: (a) D,
 2iS1/tL.p = ОЛЬ 
μπ\. (b) S, 5L. ρ =1.3 μηι D. dislocations; S. (growth) stna-
tions; P, precipitates 
etching with the DSL and DABL methods are 
quite similar. The same refers to concentrated S
a/h 
mixtures and the AB solution but an important 
feature of the etchants from the C r O , - H F - H 2 0 
system is the weak memory effect m comparison 
with that of the AB solution. This can be noticed 
after prolonged etching and will be shown on 
two-dimensional defects in Part III [20]. Another 
important difference between these two chemical 
systems is that in the AB-based solutions, silver 
containing precipitates are formed during mixing 
of compounds [4,11,12]. They can also be formed, 
however, during photoetching on the GaAs surface, 
as observed after AB etching with laser light. 
Using a laser beam as the illumination source, 
only a limited area of a sample can be selectively 
etched. If it is necessary to study larger areas, an 
ordinary halogen lamp can also be used, but then 
some precautions should be taken against heating 
up of the sample and inhomogeneous illumination. 
Similar etching results as for laser illumination 
were obtained with a power at the surface of 
~ 320 mW/cm2. 
3.3. Effect of dopants on etching behaviour 
The DSL system has also been applied to reveal 
defects on p-type, Zn doped and semi-insulating 
Cr doped or undoped {100} GaAs. 
Evidence was obtained that much more material 
in comparison with η-type GaAs has to be re­
moved to delineate clearly defects on semi-insulat­
ing samples ( - 0.6 μπι) and in the case of p-type 
material even more than 5 μην 
Both kinetics of etching and morphology of 
etch figures are influenced by dopants and type of 
material. In Si doped, η-type GaAs well defined 
hillocks and ridges are formed during photoetch­
ing. Here the role of light-induced carriers together 
with their recombination on defects is evident 
[10,11]. On the other hand, in semi-insulating 
material, instead of etch hillocks, depressions are 
formed on the defects. This seems to indicate that 
for these crystals stress fields of defects, possibly 
in combination with a Cottrell atmosphere, and 
therefore the differences in chemical potential be­
come increasingly important during selective pho­
toetching. This might in fact become a more 
dominating factor than the availability of holes at 
the surface, which is believed to be the critical 
factor for η-type samples. 
It was also found, that light does not influence 
the etch velocity of p-type GaAs noticeably but it 
does on semi-insulating material. Both types of 
material are actually etched without illumination 
by the mixtures from region la of the ternary 
diagram (fig. 4). All these results can be explained 
in terms of band bending and space charge effects 
and will be discussed in a future paper dealing 
with the chemical and physical backgrounds of the 
DSL etching system. 
21 
J Weyher, J van de Ven / Elchmg of (100) GaAs m CrOj-HF I 291 
4. Conclusions References 
The CrOj-HF-H20 system gives a large variety 
of etchants which are suitable for defect revealing 
on GaAs, both with and without illumination The 
composition is not critical for the defect revealing 
power within wide limits, but strongly influences 
the etch rates For η-type material local selective 
photoetching is possible without any noticeable 
attack of the surrounding, non-illuminated part of 
the crystal surface Depending on composition, 
type of GaAs and illumination source all types of 
defect can be revealed after removal o fOl- lOpm 
of material from the (100) surfaces The etchants 
give reproducible results because neither precipi­
tates are formed nor agemg has ever been noticed 
This is a great advantage of this DSL and SL 
system m comparison with the etching methods 
based on the AB solution (ABI and DABL meth­
ods). 
Acknowledgments 
The authors wish to thank Dr L J Giling and 
Professor J Bloem for stimulating discussions and 
critically reading the manuscnpl 
This work is part of the research program of the 
Stichting voor Fundamenteel Onderzoek der 
Materie (Foundation for Fundamental Research 
on Matter) and was made possible by financial 
support from the Nederlandse Organisatie voor 
Zuiver-Wetenschappelijk Onderzoek (Netherlands 
Organisation for the Advancement of Pure Re­
search) 
[1] H A Schell, Ζ Melallk 48(1957)158 
(2| J G While and W С Rolh, J Appi Phys. 30 (1959) 94« 
[3] J L Richards and A J Crocker, J Appi Phys 31 (1960) 
611 
|4] M S Abrahams and CJ Buiocchi, J Appi Phys. 36 
(19«5) 2855 
[S] J G Grabmaier and С В Watson, Phys Status Solidi 32 
(1969) К1Э 
(6) F Kuhn Kuhnenfeld, J Eleclrochem Soc 119 (1972) 
1063 
[7) MJ Cardwcll and DJ Surland, 5th Intern Symp on 
Gallium Arsenide and Relaled Compounds, DeauviUe, 
1974 
[8] D J Surland and В W Straughan, Thin Solid Films 31 
(1976) 139 
[9] D J Surland Insi Phys Coni Ser ЗЭа (1977) ISO 
[10] Τ Saitoh, S Matsubara and S Minagawa, J Eleclrochem. 
Soc 122 (1975) 670 
|11] A Munoz Yague and M Bafleur, J Crystal Growth 53 
(1981) 239 
[12] J Weyher and J van de Ven, J Physique 43 (1982) 
C5-313 
[13) E. Sirtl and A Adler. Ζ MelallL 52 (1961) 529 
[14] W C Roman and L R Wilson US Patent 3,830,665 
(August 20 1974) 
[15] Y Tarai, Y Komiya and Y Harada, J Eleclrochem Soc 
118(1971) 118 
[16] G H Olsen M S Abrahams and TJ Zamerowski, J 
Eleclrochem Soc 121 (1979) 1650 
[17) С R. Elliot and J С Regnault, J Eleclrochem. Soc 125 
(1978) 621 
[18] J Weyher, unpublished results 
¡19] J Weyher and W J Ρ van Еікке оп, J Crystal Growth 64 
(1983) 292 
[20] J Weyer and J van de Ven, 7th Intem Conf on Crystal 
Growth, Stuttgart 1983 
22 
CHAPTER 3 
THE MECHANISM OF GaAs ETCHING IN 
СгОз-HF SOLUTIONS 
I: EXPERIMENTAL RESULTS 
J. van de Ven, J.E A.M. van den Meerakker and J J. Kelly 
Journal of the Electrochemical Society 132 (1985) 3020-3026 
Reprinted with perimssion 
The Mechanism of GaAs Etching in Cr03-HF Solutions 
I. Experimental Results 
J. van d# Ven 
Department qf Solid State Ш, Remarch Institute of Material*, Catholic Untxternty, Toemooiveld, 6525 ED Nijmegen, The 
Netherlandâ 
J. E. A. M. van dm M··rotter and J. J. Kelly 
Philip« Jtoearch Laboratori«, 5000 JA Eindhoven, The Netherlandâ 
ABSTRACT 
The etching kinetics and electrochemistry of GaAs in aqueous CrOj-HF solutions were studied For solutions with a 
low [HFHCrOj ratio, etch rates m the dark depend only on the HF concentration and are similar for n-type and p-type 
GaAs Illumination strongly increases the etch rate of n-type material but has no effect on p-type dissolution From cur 
rent and impedance measurements, it was concluded that Crvl reduction gives nse to a passivating ñlm on GaAs, which 
inhibits further hole injection from the oxidizing agent The limiting quantum efficiencies for Crvl réduction at illumi 
nated p-type electrodes and for GaAs dissolution at n-type electrodes are signiflcantly greater than unity At higher 
[HFMCrOJ ratios the etch rate of both n- and p-type GaAs is determined by Crvl diffusion m solution Conclusions con-
cerning the etching mechanism are drawn on the basis of these results 
During the past decade, GaAs and related compounds 
have become increasingly important for applications in 
electronic and optoelectronic devices. The crystallo-
graphic perfection of these III-V materials directly 
influences electrical and optical properties and deter-
mines device performance and lifetime One of the most 
straightforward and powerful methods of defect charac-
terization is, without doubt» wet chemical etching For 
GaAs a large number of etchants has been reported (M) 
Most of these etching systems have only been investi· 
gated phenomenologically, dissolution rates and surface 
morphology were studied, but very little attention was 
paid to the essential chemistry involved 
In this senes of papers, a study of the mechanism of the 
recently developed "DSL-system" for GaAs is presented 
DSL refers to "diluted Sull-like etchants with the use of 
light " This system, which is based on Cr03, HF, and H.O, 
has already been desenbed phenomenologically in earlier 
papers (5-7) With an appropnate choice of solution com· 
position, all cry stallo graphic defects can be revealed in 
n-type, p-type, and semi insulating GaAs with high sensi· 
tivity A special feature of this system is that defects are 
revealed as hillocks on the surface dunng etching, not 
only under illumination, but also in the dark This means 
that the etch rate of cry stall ographic imperfections is 
lower than that of the surrounding material 
Dissolution of GaAs m strongly oxidizing solutions, 
such as the present CrCyHF system, generally takes place 
via a valence-band process (8, 9) The energy levels of the 
oxidized states of the redox couple m solution overlap 
with the valence band of the semiconductor, and holes 
are supplied to the solid with reduction of the oxidizing 
agent (8. 9) Localization of holes at the surface of the 
semiconductor causes rupture of GaAs bonds and results 
in dissolution In such "electroless" systems, the rate of 
reduction of the oxidizing agent, and, consequently, the 
hole supply to the solid, is equal to the rate of oxidative 
dissolution of the semiconductor Since reduction of Cr4 
and oxidation of GaAs are potential-dependent reactions, 
the electrochemistry of the system was studied, together 
with the etching kinetics, to obtain insight into the mech-
anism of the etching process The results of this study are 
presented in this article In the second part of this paper, 
a model is proposed which can explain both the etching 
and electrochemical results The morphological aspects 
of etching m СЮ, HF solutions will be discussed m a sep­
arate paper (10) 
Ε χ pari manta I 
GaAs crystals, used in this study, were grown by the 
horizontal Bndgman technique The wafers were (100) 
onented and supplied by different manufacturera The 
n-type samples were silicon doped with a earner concen 
tration in the range 1 0 2 В « IO1" cm'3, the p-type samples 
were zinc doped and had a carrier concentration of 0 8-1 3 
ж 10" cm - 3 The wafers were first mechanochemically 
polished To remove impunties and work damage, 
various surface pretreatment methods were used These 
included anodic polishing in an EDTA electrolyte (11) 
and etching in HïSOJ}i1OJiitO solutions followed, in all 
cases, by dipping in a diluted HCl solution 
The open-circuit etching kinetics were studied with the 
same expenmental setup as described previously (5) To 
vary the intensity of the 24 mW, 632 θ nm He-Ne laser at 
the sample surface, the beam diameter was varied and 
neutral density Alters were used Homogeneity of the 
laser spot was maintained within 5% limits A light power 
of 150 mW/cm1 was used with a spot diameter of 4 5 mm, 
except for the measurements m which the light intensity 
was varied During etching, the solution was not stirred 
and depletion of solution constituents was not signifi­
cant The GaAs samples were partly masked with 
Apiezon W or photoresist, and the etched depth was mea­
sured with a step profiler 
For the electrochemical measurements, both stationary 
and rotating disk (RDE) electrodes were used These were 
mounted m a Teflon cell Current-potential charactens-
tics were recorded with a Wen king POS73 potentiostat 
Impedance measurements were performed with a Solar· 
tron 1172 frequency response analyzer using a 10 mV rms 
signal at 10 kHz. Flat band potentials (V
rB) were deter­
mined from Mott Schottky plots (12) A saturated calomel 
electrode (SCE) was used as a reference, and all potentials 
are expressed with respect to SCE A platinum foil served 
as counterelectrode A He-Ne laser was also used as light 
source for the electrochemical measurements 
HF (p a grade) was obtained from Merck In previous 
work (5), one particular batch of CrO, (analar grade), 
supplied by BDH Chemicals Limited (Poole England) 
was used exclusively In etchants with a low HF concen­
tration (< 2 5M) containing this CrO-,, the etch rate of 
n-type GaAs was found to be zero Subsequent expen-
ments with other batches from BDH (analar grade) and 
from other suppliers (Merck, ρ a grade and Baker, rea­
gent grade) showed this behavior to be anomalous The 
reason for this anomaly is not understood All etch rates, 
with the exception of those obtained using the particular 
batch mentioned above, were reproducible to within 
5-10% The anomalous results with η type GaAs at low HF 
concentration are omitted from this work The electro­
chemical experiments were performed with CrO, (pa. 
grade) supplied by Merck Concentrations are expressed 
in moles per liter (M) 
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All measurements were performed at room tempera­
ture 
Results 
From an extensive study of GaAs etching in CrOf-HF 
solutions reported elsewhere (10), it was clear that the ra­
tio of the HF and CrO, concentrations is very important 
for the etching kinetics Consequently, the etching and 
electrochemical results, described in this section, are clas­
sified on the basis of this ratio In the present work, only 
HF concentrations lower than ЮМ have been used 
High [HFYICTOJ ratios —For solutions with fHFMCrOJ 
ratios > 20. the steady-state open-circuit etch rate of GaAs 
is independent of semiconductor type and depends line­
arly on the CrO, concentration (Fig 1) In this range, the 
HF concentration is not important The etch rate is sensi­
tive to stirring in the solution If it is assumed that six 
holes are required to dissolve one GaAs molecule (13), 
then the measured etch rate agrees well with that calcu­
lated from the diffusion-controlled reduction current of 
Cr41, as described below The etching reaction is obvi­
ously determined b> diffusion of the oxidizing agent m 
solution Consequently, it was not surprising that illumi­
nation was found to have no effect on the etching kinet­
ics 
The current potential curves for η-type GaAs m this 
range seem to conform to the pattern expected for hole 
injection from a simple redox system (8) A well-defined 
cathodic current plateau is observed at potentials positive 
with respect to the flatband value (Fig 2) This limiting 
current depends linearly on the CrO, concentration and is 
directly proportional to the square root of the electrode 
rotation rate ie , cathodic reduction of Crvl is diffusion 
controlled Because of the obvious similarity between 
сиіле a of Fig 2 and the corresponding curve for Ce11 re­
duction (8) it is tempting to interpret these results in 
terms of a simple hole-injection mechanism in the range 
in which a constant cathodic current is observed the elec­
tron concentration in the space-charge layer is still appre­
ciable, and holes provided by Cr41 species in solution, 
reco m bine with electrons supplied from the bulk (8, 14) 
At more positive potentials corresponding to a large 
band bending, the surface electron concentration is 
greatly reduced and recombination is no longer possible 
The injected holes are held at the surface and cause the 
solid to dissolve Since the holes injected from Cr* are 
consumed in this reaction, the measured (total) current 
005 OJO 0J5 
Fig 1 Stcody-itot · «tell rate ( 0 , m M U t r v d at оршп circuit, η a 
fonction of tk« C f O j concentration for solirtiona with r*tahv«lr high 
[HF]/[O0 3 ] ratio Solid circi« η-Typ· GaAs Op*n circi« p-Type 
GaAs 
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Fig 2 Curve a i i tba w o tarad cvrr*fit-pvt«rrtttl curve for on 
n-typc GaAs eloctrade m 0 MM CrO,, 9 I7M HF wlut.on DasKod 
hues b and с »ho« tto catfcodtc and anodic partial corvas, ratpoc· 
tively V, is tbe rait potential Scan rat« 10 mV/s 
decreases lo a very low value The diffusion controlled 
hole injection current (curve b) is compensaled by the 
anodic dissolution current (curve c) 
However, the results obtained with p-type GaAs show 
that this description cannot be completely valid The ex­
pected characteristics for a p-type electrode (9) are only 
observed at extremely high [HFÍtCrOJ ratios A current-
potential curve for an electrolyte with a concentration ra-
tio of 10« is shown m Fig 3 At more positive potentials, 
GaAs is anodically dissolved At negative potentials, a 
constant cathodic current is observed From the depen-
dence of this limiting current on СгС^ concentration and 
electrode rotation rate, it can be concluded that the reduc­
tion reaction is again limited by mass transport of Cr4 
species in solution In this case, it is clear that the open-
circuit etch rate must be determined by the diffusion-
• 
-
- 0 5 
• 
04) 0 5 V(sce) 
Fig Э Cutrant-potentwl corve for α p-type GaAs RDE in l O - W 
CrO,, 9 QM HF solution at 500 rpm V r ц the rest potentiel Scan 
rate 10 mV/s 
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controlled reduction of CrVI For lower [HFMCrOj ratios 
(but ones still > 20), the etching kinetics remain 
unchanged (Fig 1), but the corresponding current-
potential curves deviate considerably from that shown in 
Fig 3 The current, which was less well defined, de­
pended strongly on the scan rate, scan direction, and 
pre polarization potential Under certain conditions, a cur­
rent plateau could be observed However, in most cases a 
cathodic peak was found at potentials just negative of the 
rest potential (see results in the following section) and the 
cathodic current was lower than that expected for a diffu­
sion-controlled process There seem to be discrepancies, 
therefore, between the electrochemical results for n- and 
p-type GaAs and between the electrochemical and etch­
ing results of p-type GaAs 
For these CrOj-HF solutions, electrode passivation be­
havior is observed at higher HF concentration During 
continued potentiodynamic scanning in the dark, the cur­
rent gradually decreases. In a 9M HF solution without 
Cr03l the photocurrent at η-type GaAs also decreases in 
time and a dark layer is formed on the electrode Removal 
of this layer and reactivation of the electrode occurs when 
a small amount of CrO} is added to the HF solution Most 
probably, the passivating layer consists of an insoluble 
gallium fluonde [GaFj πΗ,Ο (15)], whose solubility is 
influenced by the chromium species m solution Mea­
surements described above were only made at shorter 
times, for which passivation was not important 
Low [HFHCTOJ ratios—Doric—For solutions with а 
[HFJ/ICrO,] ratio lower than 10, the open circuit etch rate 
of GaAs is practically independent of the СгО
э
 concentra­
tion but depends strongly on the HF concentration (Fig 
4) A companson of Fig 4a and 4b (solid circles) shows 
that the etching kinetics for ρ and η-type GaAs in the 
dark are similar 
V ( S C O 
Fie 5 CuTOfit-potanhal plot for a p-typ« GaAs «lectrod« in 1 2QM 
G O , , 1 S4M HF soluhon Scon rat· 2 nV/s 
The current-potential curve of p-type GaAs (Fig 5) is 
markedly different from that observed for very high con­
centration ratios and more pronounced than that found 
for lower ratios in the concentration range [HF]/[CrOj > 
20 At potentials close to or positive with respect to the 
flatband potential (see Table I), anodic dissolution of 
GaAs is evident m the sharply rising current At poten­
tials negative with respect to the rest potential, the cath­
odic reduction of Cr41 does not give a diffusion-controlled 
plateau Instead, a peak is observed (Fig 5) At more neg­
ative potentials, the current decreases to a very low con­
stant value This latter value depends on the square of the 
HF concentration (Fig 6) The peak is reproducible and is 
independent of the potential scan direction at lower scan 
rates As the cathodic current does not depend on the ro­
tation rate of the electrode, it can be concluded that the 
reduction reaction is kinetically determined 
Analogous behavior was observed for η type electrodes 
in these solutions Instead of a diffusion-controlled cath­
odic current, a sharp peak is again observed (curve a in 
Fig 7) In contrast to p-type GaAs, the peak shows con­
siderable hysteresis even at very low scan rates the cur­
rent observed during the cathodic scan was markedly 
higher than that observed in the return scan The peak 
height was, however, reproducible and independent of 
the scan rate when the potential was scanned in the cath­
odic direction The peak currents for n- (cathodic scan) 
Tobi* I Impcdonc· results for on n- ond α p-typ« 
GaAs «lectrodo in vanous electrolytes 
5 10 
Fig 4 Open-circuit etch rate as a function of HF concentration for 
solutions wirh low [HF]/(CrO,I ratio Figur« 4a rcforr to p-type, ond 
4b to n-type GoAs Solid circles. Dark Open erre lei illuminated 
Electrode 
n-GaAs (dark) 
η GaAä 
(iLlummated) 
p-GaAs (dark) 
Electrolyte 
0 5M H.SO, 
1 20M CrO, 1 54M HF 
0 57M CrO, 1 BOM HF 
2 ISM CrO„6 96M HF 
1 20M CrO, 1 MM HF 
0 5 M K . S O , 
1 20M CrO, 1 54M HF 
V „ (SCE) 
- 0 98 
- 0 98 
- 0 94 
- 0 95 
- 0 94 
+0 31 
+ 031 
" » , Ν Λ 
(cm-')· 
1 1 χ 10" 
1 3 « 10'· 
13 « io" 
1 4 x ΙΟ­
Ι 4 » ΙΟ­
Ι 1 χ ΙΟ­
Ι 0 χ 10" 
* Ν,, and Ν
Λ
 are the donor and acceptor concentrations calculated 
for the η and p-type electrodes, respectively from the slope of the 
Mott Schottky plots 
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- • [HF] ( M ) 
1 2 5 10 
Ftg 6 The limiting «rthodic current i l l m of p-type GaAs (mtgwrvd 
at - 0 50V) as a function of HF concentration for lolufions wirii rela­
tively low [НРІ^СЮ,) ratio The CrO, concentration wa> contant 
(12CW) 
and p-type electrodes were identical and depended on the 
square of the HF concentration (Fig 8) The peak current 
was considerably lower than the current calculated from 
the open-circmt etch rate at the same HF concentration 
The etch rate was, however, substantially lower than that 
expected for a dissolution process limited by diffusion of 
Cr" in solution 
It is obvious, both from the etching and electrochemical 
results presented above, that the reduction of Cr%l is seri­
ously inhibited at GaAs electrodes From the flatband 
potential measurements given in Table I for an indiffer­
ent electrolyte (0 5M Н-504) and various СЮ3-НГ solu-
/ 
/ ( Ы 
/ 
Fig 7 Cerve о if thé cuircnt-potentiol carve for en fbtype GaAs 
electrode in 1 20M CrO,, 1 S4M HF solution Cerve b wo· meosurvd 
in 0 SM H7SO, tolution Scan rate 10 mV/t 
10 20 30 
Fig β CaHiodic ptak current m electrvlytet «nth [HF]/[CrOJ < 10 
a · a function ol [HFJ- for p- (open circles) end η-type (solid circles) 
•Itctrodcs 
Uons, it follows that the position of the band ed ges of the 
semiconductor is not significantly affected by the pres­
ence of HF or chromium containing species m the electro­
lyte Since the standard redox potential of the Cr^'/C^11 
couple is very positive (16), efficient hole iryection from 
Crvi is then expected at GaAs electrodes (В. 9, 12) This is 
obviously not the case A similar inhibition of the Cr 4 re­
duction has been observed at metal electrodes and has 
been attributed to the formation of a blocking film on the 
electrode surface (17-19) From the results presented 
above, it must be concluded that a film is also formed on 
GaAs For an η-type electrode, the cathodic current at po­
tentials negative with respect to the peal· begins to in­
crease again (Fig 7, curve a) before 1^ evolution is nor­
mally observed under these conditions (Fig 7, curve b) 
This suggests that electrons, which are available in η type 
material in the dark at potentials approaching VFb are ca 
pable of reducing the blocking layer 
Further evidence supporting the formation of such a 
layer m these electrolytes was obtained from measure­
ments with a Pi electrode At potentials negative with re­
spect to the Cτ*^/Cτ,l, redox potential, the electrode was 
clearly passivaled, as only a very small constant cathodic 
current was observed In contrast to GaAs electrodes, a 
current peak was not found at low scan rates The cath 
odie current at the Pi electrode began to increase mark­
edly at approximately 0V (SCE) Since this potential is 
more than 200 mV too positive for hydrogen evolution, 
the cathodic current must be attnbuted lo reduction of a 
chromium species This again indicates a breakdown of 
the passive layer, analogous to that found with n-GaAs 
electrodes 
Illuminated —While illumination has no effect on the 
open-circuit etch rate of p-type GaAs (open circles in Fig 
4a), dissolution of η-type material is strongly accelerated 
by light (open circles in Fig 4b) The etch rate was found 
to be linearly dependent on the photon flux at low light 
intensities but tended to a limiting value at high intensi 
ties (10) The photoetch rales, shown in Fig 4b, were mea­
sured at high intensity 
Illumination of a p-type electrode has no effect on the 
current-potential curve in the vicinity of the rest potential 
but considerably enhances the cathodic current at more 
negative potentials (Fig 9, curve a) For comparison, the 
photocurrent in a 0 5Af H.SO, solution is also given at the 
same light intensity (curve b) In the latter case, photo-
generated electrons give nse to hydrogen evolution at the 
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electrode surface This electron transfer must compete 
with an effective electron-hole recombination in the sur­
face region (20) A considerable overpotential must be ap­
plied to reduce the surface concentration of the тадопіу 
carriers and thereby the recombination rate, in order for a 
photocurrent to be observed In the limiting photocurrent 
potentiaJ range, a quantum efficiency close to unity was 
found for Hj evolution in the H S^O« solution, i£ , one elec-
tron is transferred per absorbed photon 
The photocurrent curve for the СЮ3-НГ solution differs 
in two essential respects from that measured m 0 5M 
HíSO« First, current onset in СгОз HF solutions is ob­
served at more positive potentials, which suggests that 
the redox reaction can compete more effectively with the 
recombination process However, recombination still 
dominates the current-potential characteristics at the rest 
potential Consequently, etching of p-type GaAs is unaf­
fected by illumination Second, the limiting photocurrent 
for a CrOj-HF solution is much higher than the corre­
sponding hydrogen current at the same light intensity 
This effect is further demonstrated in Fig 10. which 
shows the current, measured at -10V in Η,ΒΟ, and 
CKVHF solutions, as a function of light intensity From 
these results it follows that six to ten charge carriers are 
transferred for every photon absorbed This shows that 
the creation of minority carriers by light has a significant 
effect on the blocking film at the electrode surface As al­
ready suggested for η-type GaAs, reduction of the film 
by electrons very likely frees the surface and allows fur 
ther hole injection into the valence band by the Crvl spe­
cies in solution 
The "depassivation" of a p-type electrode by light could 
be used to get an indication of the thickness of the block­
ing layer Under strong illumination, the passivated sur­
face is freed When the light is switched off, the electrode, 
of course, re passi vates We measured the current involved 
in the repassivation as a function of lime The corre­
sponding charge was equivalent to the formation of a thin 
film at monolayer or sub mo no layer coverage 
Illumination of an η-type GaAs electrode gave a limit 
mg dissolution photocurrent (Fig 11), which was the 
same as that found in a 0 5M R SO. solution Both the rest 
potential and the cathodic peak are shifted to lower po-
tentnls with respect to the dark case The peak current 
increases slightly with illumination intensity The hyste­
resis observed in the cathodic peak is less pronounced 
under illumination than m the dark and disappears com­
pletely at relatively high light intensity (insert in Fig 11) 
03 
W e i 
Fig 10 The limiting cathodic photocurrent at - 1 OV as a function 
of light intensity as obtained with a p-type GaAi electrode <n 0 SM 
H,SOt (a) and m I 2<M CrO,, 1 S4M HF (b) solutions The light in­
tensity is given m relative units. 
It should be noted that in pure СгО
л
 solutions no current 
was observed Addition of a small amount of HF activated 
the electrode and the expected limiting photocurrent was 
measured 
In order to correlate the photocurrent and photoetching 
experiments with η type material the etch rale was mea­
sured at vanous potentials under polentiostatic condi­
tions Results m Table II are expressed m terms of a 
quantum efficiency φ defined as 
10 «ηΓρίυ, - Ό
Λ
) 
бомС 
[1] 
where ν, and υ
α
 refer to the etch rates (in microns per min­
ute) under illumination and m the dark at the same poten­
tial, ρ and M are the density and molecular weight of 
GaAs, F is the Faraday constant, and η (•- 6) is the num­
ber of holes required to dissolve one GaAs molecule 
Since the quantum efficiency for photoanodic dissolu­
tion of η type GaAs m indifferent electrolyte is close to 
unity, the limiting photocurrent i^ determined in H.S04 
solution was used as a measure for the photon flux in Eq 
[1] The results in Table II show that in CrO|-HF solu­
tions, quantum efficiencies for etching considerably 
greater than 1 aro obtained both at the rest potential and 
at more positive potentials 
Discussion 
At very high [HFVtCrO,] ratios, the VB reduction of Cr"' 
is limited by diffusion of the oxidizing agent in solution 
and the open-circuit etch rate of GaAs is consequently 
diffusion controlled (Fig 1) At lower [HFVlCrOjj ratios 
but still larger than 20, an apparent anomaly is observed 
Although the etch rate of both p- and η-type material is 
diffusion controlled, the cathodic reduction of Cr 4 at 
p-type electrodes is not limited by mass transport in solu­
tion, at η-type electrodes, a clearly defined diffusion pla­
teau current is observed At [НГ]/(СЮ
Э
] ratios lower than 
10. both the open-circuit etch rate and the Crvl reduction 
rate are kinetically controlled 
For this latter range of concentrations, the reduction re­
action is clearly inhibited, despite the favorable cone-
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Tabic II Measured quantum «Hiciency for diuoluhon ot 
K-trpe GaAs in 0 72M С Ю , 09ЭМ Hf ulution 
Fig 11 Currvnt-potvntiol curve for απ η-type GaAi electrode in 
I 20M CrO,, I S4M HF *o lu ri on under illumination In Пм interi the 
cathodic peak is given in both scan directions tor a light intensity cor 
responding lo a limiting onodic phot ocurren» of 3 mA/cm The scon 
nit· for both curves was I mV/s 
spondence of redox potential and semiconductor valence 
band It was suggested above that this inhibition is due to 
the formation of a blocking layer on the electrode Passi­
vation has also been observed by other workers on Pt and 
other metal electrodes during Cr*1 reduction (17-19) This 
was ascribed to the formation of mixed valence com­
plexes due to partial reduction of hexavalent chromium 
in dichromate or inchromate ions (18,19) Hoare suggests, 
for example, that the reduction of a tncbromate ion can 
lead to complexes containing trivalent and hexavalent 
chromium entities (19) Such reactions at GaAs can be 
represented schematically as follows 
-2H* 
О О CT 
li II / . H 
HO—Сг-О-Сг-О—Cr + H О + 3h » 
Il II \ 
0 0 er-
ьо ο σ-
\ Il / 
Сг-О—Cr—О —Cr + H О + 3h [2] 
/ II \ 
^ о о о ^ 
Using the analogy with metal electrodes we conclude 
that such mixed-valence complexes can adsorb and form 
a blocking layer on GaAs and thus prevent further reduc­
tion of Cr41 
The Mott-Schottky plots for GaAs in these CrO
r
HF 
electrolytes were very similar to those measured in О 5M 
HfSO« solution (Table I) No significant difference was 
observed either in the flat band potential or m the slope 
Of current minimum 
Of curimi peak 
Rest potential (V
r
) 
Vf + 0 3V 
00 
13 
17 
30 
" These potentials refer to the illuminated electrode 
The light intensity corresponded to a limiting anodic photocur-
renl densil} of 3 mA/cm' 
(expressed here as a calculated donor or acceptor concen­
tration) It therefore seems likely that the chromium ion 
products of reaction [2] replace the electrolyte anions in 
the Helm ho Hz layer The Hehnholtz potential at low pH is 
determined by adsorption of H ions and does not depend 
on the nature of the anion in solution Consequently, the 
surface complex does not disturb the existing Helmholtz 
layer Of course, this is only possible when the surface 
layer is thin The transient current measurements with il­
luminated p-type electrodes, already described, indicale 
this to be the case 
The surface coverage due to the film is clearly very 
sensitive to the HF concentration in solution This is obvi­
ous from the strong HF dependence of the etch rate (Fig 
4) and of the cathodic peak current (Fig 8) for both types 
of electrode The constant cathodic current of p-type elec­
trodes at negative potentials also depends markedly on 
the HF concentration (Fig 6) 
The electrochemistry of the adsorbed film on GaAs 
displays some unusual characteristics From the various 
measurements, it can be concluded that the surface com­
plex is reduced by electrons from the conduction band 
The dark cathodic current at η-GaAs begins much sooner 
than hydrogen evolution (curves a and b. Fig 7) Illumina­
tion of p-GaAs gives a greatly enhanced cathodic current 
(Fig 9 and 10) The species responsible for the surface 
film must, therefore, have energy levels which corre­
spond to the conduction band or the bandgap (20) Since 
the quantum efficiency for photocurrent at p-GaAs is 
much greater than 1, reduction of the adsorbed complex 
must free a surface site at which several holes can be sub-
sequentij injected 
A small constant cathodic current is observed on p-type 
electrodes at potentials negative with respect to the peak 
value Since this current is potential independent but 
strongly dependent on HF concentration, we assume that 
the blocking film can be removed by a chemical reaction 
with HF This reaction is second order in HF concentra­
tion (Fig 6) 
The most mtngumg aspect of this system is an appar­
ent coupling of the GaAs oxidative dissolution and Cr" 
reduction reactions For both p- and η-type electrodes, 
strong passivation sets m only at polen Liais at which 
holes are not kept effectively at the surface and GaAs no 
longer dissolves anodically (Fig 5 and 7) Most probably. 
the adsorbed surface complex can react with an interme­
diate of the GaAs oxidation reaction, thus freeing a sur­
face site and enabling subsequent hole injection by Crvl 
The behavior of the current peak at lower scan rates sup­
ports this conclusion Under these conditions, current 
hysteresis was observed for η-type GaAs m the dark The 
current was much lower for the anodic scan direction 
(Fig 7) At potentials slightly negative with respect to the 
peak, both n- and p-type electrodes are strongly 
passivated Upon increasing the potential, band bending 
conditions become favorable for keeping holes at the sur­
face For p-type electrodes and η-type electrodes illumi­
nated at high intensity, holes are readily available Conse­
quently, the GaAs dissolution reaction can be easily 
initiated Intermediates from this process can suose-
quently react with the blocking film, thus depassivating 
the surface In these cases, therefore, the establishment of 
a steady state is expected to be rapid For an η-type elec-
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trode ш the dark, holes are not available from the bulk 
and must be injected by Crv' in solution As this process is 
strongly inhibited by the presence of the passivatine 
film, retardation effects can be significant In this case, 
therefore, current hysteresis can be expected even at low 
scan rates In the next article, it will be shown that such a 
coupling of dissolution and reduction reactions can also 
account for the enhancement of the etch rate of η GaAs 
under illumination and for the surprisingly high quantum 
efficiency (Table II) 
At [HFHCrOj ratios higher than -20, a discrepancy 
was noted m the electrochemical behavior of n- and 
p-type GaAs While the open-circuit etch rate of both ma­
terials depends on diffusion of Crvl species from the bulk 
solution to the electrode surface, a diffusion-limited cur­
rent was only found for η-type electrodes For p-type 
GaAs, the reduction rate of Crv' was diffusion limited only 
at extreme [HFtfCrOj ratios From the discussion above 
of the results obtained m solutions with a concentration 
ratio less than 10, it is clear that the reduction of Crvl at 
the open-circuit potential of p-type GaAs must be much 
higher than the cathodic current at more negative poten­
tials This is obviously also the case for electrolytes with 
[HF]/[CrO]] > 20 in which the concentration ratio is not 
extremely high The fact that a reduced cathodic current 
is not observed for η-type GaAs under similar conditions 
(Fig 2) must be attnbuted to the presence of electrons at 
the electrode surface As discussed above, conduction 
band electrons can reduce the adsorbed complex This 
keeps the surface free for subsequent hole injection 
Treating the diffusion-limited cathodic current of n-type 
GaAs m these solutions as a simple example of hole injec­
tion into the valence band is, therefore, not justified 
Acknowledgments 
The authors wish to thank Dr R Memming, Ρ H L 
Notten, Dr L J Güín g, and Dr J L Weyher for stimu-
lating discussions J van de Ven was supported by the 
Stichting voor Fundamenteel Onderzoek der Materie with 
financial support from the Nederlandse Organisatie voor 
Zuiver Wetenschappelijk Onderzoek 
Manuscript submitted A ρ ni 9, 1985, revised manuscript 
received Sept 5, 19Θ5 
Philips Research Laboratori« assisted in meeting the 
publication costs of this article 
REFERENCES 
1 D J Stirland and В W Straughan, Thin Solid Films, 
31, 139(1976) 
2 D W Shaw, J Cryst Growth 47,509(1979) 
3 В Tuck, J Afater Set 10,321(1975) 
4 A Munoz-Yague and M Bafleur, J Cryst Growth, 53, 
239 (1981) 
5 J L Weyher and J van de Ven, ibid , 63, 285 (1983) 
6 J L Weyher and W J Ρ van Enckevort, ibid , 63, 292 
(1983) 
7 J L Weyher and J van de Ven. In preparation for 
submission to J Cryst Grouith 
β F Decker. В Petlinger, and H Genscher. This Jour 
nal, 130, 1335(1983) 
9 J J Kelly and Ρ Η. L Notten, Electrochim Acta, 29, 
589 (1984) 
10 J van de Ven, J L Weyher, J Ε A M van den 
Meerakker, and J J Kelly, Submitted to Thu 
Journal 
11 С R EUiotandJ R Regnault, This Journal, 127, 1557 
(1980) 
12 R Memming, in "Electroanalytical Chemistry A 
Series of Advances ' Vol 11, A J Bard, Editor, 
pp 1 84, Marcel Dekker, New York (1979) 
13 H Genscher, Ber Bujisenges Phys Chem , 69, 578 
(1965) 
14 J E A M van den Meerakker, J J Kelly, and 
Ρ H L Notten This Journal 132,638(1985) 
15 "Gmelins Handbuch der Anorgische Chemie," 8ег 
Aufl . Vol 36 ρ 72. Verlag Chemie, Berlin (1936) 
16 M Pourbaix, ' Atlas d'Equilibres Eleclrochimiques," 
Gauthier Vi Наг s Pans (1963) 
17 "Gmelins Handbuch der Anorgische Chemie," 8er 
Auflag Teü 52b Verlag Chemie Weinheim (1962) 
18 J Lin Cai and D Fletcher, J Appi Electrochem , 13, 
235 245(1983) 
19 J Ρ Hoare, This Journal 126,190(1979) 
20 J J Kelly and R Memming, ibid , 129, 730 (1982) 
30 
CHAPTER4 
THE MECHANISM OF GaAs ETCHING IN 
СгОз-HF SOLUTIONS 
Π: MODEL AND DISCUSSION 
J J. Kelly, J. van de Ven andJ.EA.M. van den Meerakker 
Journal of the Electrochemical Society 132 (1985) 3026-3033 
Reprinted with perrmsston 
The Mechanism of GaAs Etching in СгОэ-HF Solutions 
II. Model and Discussion 
J. J. Kelly 
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 
J. von de Ven 
Department of Solid State Ш, Research institute of Matenais, Catholic University, Toemooweld, 6525 ED Nijmegen, The 
Netherlands 
J. E. A. M. von den Meerakker 
Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 
ABSTRACT 
A model is presented to describe the dissolution of GaAs in СЮ.-НГ solutions both in the dark and under illumina­
tion The etching kinetics are shown to be mainly determined by the mechanibm of Cr>l reduction at GaAs An essential 
feature of the model is the formation of an adsorbed mixed-valence chromium complex which passivates the semicon­
ductor surface A novel reaction between the adsorbed complex and a surface-state intermediate of the GaAs oxidation 
reaction is proposed to account for the many surprising aspects of the etching and electrochemical kinetics 
In the first part of this senes we described the dissolu­
tion of GaAs in CrOj-HF solutions (1) It was shown that 
the HF/CiO, concentration ratio determines the etching 
kinetics, at high values of this ratio, the etch rate depends 
on diffusion of Crvl in solution, while at low values etch­
ing is kinetically controlled and depends only on the HF 
concentration Ulummalion considerably enhances the 
dissolution rate of η-type GaAs but has no effect on 
p-type material 
In order to gain insight into the etching mechanism, the 
electrochemistry of the system was investigated This re­
vealed some unexpected features The current-potential 
curves for p- and η-type electrodes have a very character­
istic shape at low values of the HFiCrO, concentration ra-
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tio The q u a n t u m efficiencies for C r 4 reduction at p-type 
electrodes and for GaAs dissolution at η-type electrodes 
were significantly higher than 1 On t h e basis of these re­
sults two main conclusions were drawn reduction of Cr111 
gives nse to a blocking film which plays a decisive role 
in t h e surface reactions, and this film can be reduced by 
a surface-state intermediate of the GaAs oxidation reac­
tion, with the result that the surface is "depassivated " 
In this paper, the conclusions from the first article are 
combined with existing ideas on the mechanism of oxida­
tion of I1I-V materials to give a model which can account 
quantitatively for many of the electrochemical and etch­
ing results The discussion will be mainly restricted to 
those cases in which etching is under kinetic or mixed-
kinetic control, ι*, to relatively low HFVCrQj concentra­
tion ratios (1) 
Model 
Etching of GaAs in CrO
a
-HF solutions involves two 
electrochemical reactions, oxidative dissolution of the 
solid, and reduction of the oxidizing agent, C r " In the de­
velopment of a model for t h e etching system, it is neces­
sary to consider both partial reactions 
Recent work on the dissolution of GaAs suggests a 
mechanism involving a series of discrete steps (Eq [ІНЗ]) 
(2-5) 
\ κ
 k \ / 
Ga.As + h· - Í Ga As [1] / \ / \ 
\ / J,. \ / 
Ga As + h - i Ga As [2] / \ / \ 
X X 
\ /
 fc \ Í I / 4h-
Ga As + 2X -* Ga As - • Ga"1 + As111 [3] 
/ \ / \ f a s t 
Localization of valence band (VB) holes at the surface re-
sults ш t h e rupture of Ga-As surface bonds The interme­
diates formed in reactions [1] and [2] correspond to sur­
face states and have energy levels in the forbidden gap 
(2,3) The charge transfer steps are accompanied by 
chemical attack on the weakened bond by a nucleophilic 
reagent 2X- from solution Kinetic studies involving 
competition between oxidation of t h e III-V material and 
of a reducing agent in solution have shown that 
nucleophilic attack very likely occurs after transfer of t h e 
second hole (6) On the basis of current and impedance 
measurements at different H F concentrat ions (1), it can 
be concluded that fluoride species do not participate in 
the anodic dissolution R u p t u r e of the first Ga-As bond is 
generally considered to be the rate-determining step (2, 4) 
Transfer of a further four holes occurs rapidly, and triva­
lent gallium and arsenic species are formed in solution 
(7) 
On the basis of the electrochemical results presented in 
the first article, the reduction of hexavalent chromium at 
GaAs can be represented as follows 
{Сг^-Сг^-Сг41} ^ЧСг^-Сг"- C i ^ ' U + 6h* [4] 
{Сг^-Сг^СН"}.* + е - Ь [Cr-'-Cr^-Cr"1}«,, 
I H F [5] 
Cr11 + 2СГ111 + 3h' 
{Ст^-Сг^-Сг"'}.,!, + n H F - Í ЗСг"1 + 3h· [6] 
Following the example of Hoare (8), who h a s extensively 
studied t h e mechanism of Cr v i reduction at metal elec­
trodes, we consider the t n c h r o m a t e ion, here denoted by 
{Сг І-Сг І-Сг 1}, to be the electroactive species in solution 
An exact knowledge of the solution chemistry is not es­
sential since the model can be readily modified to take 
into account other hexavalent species. Injection of six 
holes into t h e valence band of GaAs in step [4] yields an 
adsorbed mixed-valence complex which blocks t h e sur­
face This surface complex can be reduced by electrons 
(step [5]), as is clear from the results with p-type elec­
trodes under illumination and η-type electrodes in the 
dark (1). This implies that the adsorbed species has an en­
ergy level distribution corresponding to t h e bandgap or 
t h e conduction band Since the redox potential of the 
Cr^VCr" couple is m this energy range (9), we a s s u m e that 
one of t h e terminal Cr111 a toms is reduced to Cr", t h e cen­
tral Cr 4 1 species, being stencally protected, is not reduced 
(8) H F is required to remove the reduced complex and 
free t h e surface The unreduced complex can also be re­
moved in a chemical reaction with H F (step [6]), and the 
liberated Cr v l species subsequently injects three holes 
into the VB This explains the small potential-inde­
pendent cathodic current observed in t h e dark on p-typc 
electrodes at negative potentials (1) 
A clear relationship has been demonstrated beween the 
reduction of C r " and the availability of holes at t h e elec­
trode surface The reduction reaction is hindered signifi­
cantly as soon as (photo) anodic dissolution of GaAs stops 
(1) These results suggest an interaction between the dis­
solving GaAs and the surface complex Considering the 
likely positions of the relevant energy levels, we conclude 
that a surface-state intermediate of the dissolution reac­
tion is capable of reducing the adsorbed complex, in a 
m a n n e r similar to that suggested above for electrons (step 
[5]) 
\ / \ / 
Ga As + (Сг^-Сг^-Сг"1!«,, - Ga As 
/ \ / \ 
+ (С^-Сг^-Сг"1)«,, 
H F 1 [7a] 
Cr" + 2Ci<" + 3h· 
T h e reacUon of a mixed valence complex with a surface 
radical yields a reduced complex which is then removed 
by H F We consider electron exchange between the ad­
sorbed complex and the surface state to be reversible An 
analysis of the etching results leads us to conclude that 
the rate of reoxidalion of the reduced complex is much 
faster than its rate of decomposit ion by H F Equation [7a) 
can therefore be replaced by [7b] 
4
 / к 
Ga As + (Сі-и-Сг^-Сг"'!»» ^ 
\ / 
Ga As + Cr" + 2СГ"1 + 3h· [7b] 
/ \ 
in which кт is an "effective rate constant" describing 
both steps of reaction [7a] 
In t h e subsequent sections of this paper, the results of ρ 
and η-type GaAs will be e x a m m e d usmg the complete set 
o f E q [1H7] 
Application of the Model to p-GoAs 
Equations /or steady state in the d a r k — F o r a p-type 
electrode in the dark, reaction [5] can be disregarded 
Using Eq [l]-(4] and [6Ы7], the following expressions for 
p-type GaAs under steady-state conditions are obtained 
- ? - = к.Со.(1 - «) - lc.CHr-# - k7C,, r-N,e = 0 [8] 
-£• = k l P , - Μ , Ν , - lt,CMr-N,» = 0 [9] 
- ^ 2 . . ι,,ρ,Ν, - Ι^Ν,ο -
 β
) + I c ^ - N , « = 0 [10] 
Here, we denote t h e surface coverage due to t h e ad­
sorbed complex by β (0 < Ö « 1), and the surface density 
of the dissolution intermediates given in Eq [1] and [2] by 
N, and Nj (cm-·), respectively C ^ and CHF refer to the 
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concentration (mol/cm1) of tnchromate and HF species m 
solution, and ρ, is the surface hole concentration (cm-1) 
It is assumed that the presence of an adsorbed layer on 
the surface prevents both the Crvl reduction (reaction [4] 
and the later stages of GaAs dissolution which require re­
action with X - from solution (reaction [Эр This inhibi­
tion is clear from the (1 - Θ) term denoting the free sur 
face m Eq [0] and [10]. We also assume that the surface 
hole concentration is given by the Boltzmaim equation 
ρ, - p
e
 exp (eVjkT) [U] 
where p0 is the bulk hole concentration and the band 
bending V
m 
ж
 - V - V„ [12] 
is the difference between the applied and flatband poten­
tials 
К inette analysts at the rest potenttal —The partial cur­
rents for reduction of Crvl (tc) and oxidation of GaAs (i") 
can be defined according to the reaction scheme [l]-{7] 
I'/F = ñktCiM - ) + Зк^Снг-в + ЭктСнг-ЛМ 113а] 
« Ρ = fc.p. + ϊς,ρ,Ν. + 4 1 ^ 1 - Β) [13b] 
At the rest potential VTt the total current must be zero 
Equating ic and t* and rearranging with the aid of Eq 
[8H10J, we obtain 
Bfc.Co.d - *) = ete.P. - fcïCw-JV,· [Ha] 
From the measured current potential curves, it is clear 
that the limiting cat hod ic current due to reaction [6] is 
much smaller than the cathodic peak current Since the 
current corresponding to the etch rate at the rest potential 
is larger than the peak current, reaction [6] can be omitted 
from a consideration of etching at open circuit Combin-
ing Eq [8] (with fct - 0) and [14a], we obtain 
9fc,C^(l - β) = efc.p, - fe,C
m
(l - $) [14b] 
The partial currents at V, can now be derived from Eq [Θ], 
[9], and [14b] 
; JC = 2klCttr + 5lc«(McT)C0i 
[15] 
From Eq [15], it is immediately clear that, depending on 
the ratio of С0т and CHr. the etch rate may be determined 
either by the oxidizing agent or by HF, provided the 
values of the rate constants are not too extreme This is, 
indeed, found experimentally (1) 
At relatively low HF concentration, the second term in 
the denominator of Eq [15] is expected to be dominant 
The equation then reduces to 
». = ν = 18/5 Fkfa/kjCn [16] 
Figure 1 shows a log-log plot of the measured etch rates at 
low HF concentration, taken from the first article (1) and 
recalculated as current density, vs the HF concentration 
Since it was previously shown that the etching kinetics of 
p-GaAs and n-GaAs in the dark are the same (1), the etch 
rates for the latter have also been included in the figure 
The ex penmental results agree with Eq [16] for etch rates 
differing by an order of magnitude The slope of the 
straight line in Fig 1 is 1 9 ± 0 1, this means that reaction 
[7] must be second order in HF concentration 
Using m - 2, Eq [15] can be rearranged 
I 
9Ffc« 
Sk.Cu, ["I leFfc.fcjCHr1 
From Eq [17], it follows that a plot of CtJx· as a function 
of С0І/СНГ* should give a straight line for all etch rates 
which are not diffusion controlled The partial current и 
at V, uns again determined from the open-circuit etch 
rates Twe results for p- and η type materials are plotted 
m Fig 2 Considering that the results in this figure repre­
sent a wide range of Cr*' and HF concentrations and etch 
ЗА 
5 IO - 3 -
2 1 0 ° 
Сцр (mol cm"î ) 
5 Ю - 4 I0" J 2 1 0 " J 
Fig 1 Th« «Ich m U at open circuir tar low HF concantrafions, ·•-
preñad β> о currant dansity '', is plotted as a function of C m ( i n Eq [16]) 
rates extending over two orders of magnitude (1), the fit 
ofEq [17] should be considered satisfactory It can there­
fore be concluded that the model accounts very well for 
the etching kinetics at open circuit 
> С о ж ( с т З т о І - І ) 
-MF 
2 0 0 ¿00 600 
Fig 2 Tb« «teli rot· at open circuit, «iprontd a i a currant density 
»\ i i plotted according to Eq [17] 
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Determina Um of rate constants —In order to calculate 
the current as a function of potential, it is necessary to 
know the various rate constants The constant k, is re-
lated to anodic dissolution of GaAs In the absence of the 
oxidizing agent (Cöl = 0), it follows from reaction steps 
[ lH3]that 
f - бКІс^ 
= GFk.p, at V . 
A value of k, can thus be obtained from the anodic cur­
rent-potential curve measured m an indifferent electro­
lyte In the present case. Eq [181 was obeyed and i* was 
1 5 mA/cm- at V^ The resulting k, value is given in Table 
I together with the other constants from the present 
work 
The term к3/к^7 can be obtained either from Eq [16] 
and Fig l o r from Eq [17] and the slope of Fig 2 Since k, 
is known, the ratio k/k can now be determined The ra­
tio given in Table I is an average value from the two 
methods From Eq [17] and the intercept of Fig 2, avalué 
for fc, can be obtained This value was found to be not 
very critical for the fürther analysis 
At potentials sufficiently negative with respect to V^, 
the surface hole concentration is very small In this range, 
only reactions [4] and [6] are important The last term in 
Eq [8] can therefore be disregarded and the limiting 
value of θ can be calculated The corresponding limiting 
current i,lm (= 9Fk ( C l u (l - в»«)) is given by 
№fe.C
m
fc.CM* 
^ C , • fc*CHI [19] 
At low values of the CHr/C„4 ratio, the limiting current de­
pends only on the HF concentration (1), ι e , к4Сш » 
k6CHf" and 
9Рк.Ст" [20] 
From the experimental dependence of tM(T1 on CH> given m 
the first article, both τι and kh can be calculated Reaction 
[6] is also found to be second order in HF concentration 
Current potential curves —In order to calculate the cur­
rent in the cqmplete potential range reaction [6] must be 
included The total current is the sum of the partial cur­
rents (ι = ι- + i'), which are given by Eq [13] FVom the re­
lationship between ρ
τ
 and 0, which can be obtained from 
the steady-state Eq [8] [10] 
fc4C,„(l - в) - клСтЧ 
• • ^ - К 
k¿ C„, (1 - θ) 
fc» C V ' 
[21] 
the surface coverage can be calculated as a function of p
c 
In this way, θ and p., can be related to the potential via Eq 
[11] and [12] The partial currents, which can also be ex­
pressed in terms of p. and θ (see Eq [13] and [14]) can 
therefore be calculated as a function of potential 
Figure 3 shows a calculated curve for a p-type GaAs 
electrode m a l 20M СЮ,, 1 54M HF solution For compar­
ison, the measured curve for the same solution is also 
given (dashed line) Agreement between the two is good 
the genera] form, the cathodic peak height, and the rest 
potential are predicted by the model The experimental 
peak is somewhat broader than expected This is very 
likely due to the fact that the Helmholtz potential is not 
completely constant (10), as is implicitly assumed m Eq 
[12] Figure 4 shows that the calculated dependence of the 
Tobi· I Estimated ralwei of tbt vanom rate comtantt 
and nrt· contant ratio« used in гімв work 
k, 
fc, 
fcA. 
* 2 5 χ IO-"7 mol cm s - 1 
- 55 ж Ю-" mol cm-1 
= 5 5 χ 10"' cm s - ' 
= 1 3 к 10-s cm* mol-'-s 
» 1 5 x 10 u mol-cm4-$-
- 1 7 χ 10'' cm' mol * 
[18] 
— V (SCE) 
06 
Fig Э The solid line gives the calculated current potential curve 
for a p-type GaAs electrode m 1 2QM CO , 1 ЪАМ HF solution The 
rote constants used were the f m t four ш Table I The dashed line is 
the measured curve 
peak current on HF concentration is in excellent agree­
ment with that measured experimentally 
A consideration of the partial currents (Fig 5) shows 
how the mechanism operates As long as the surface hole 
concentration is sufficient to ensure dissolution of GaAs 
(V * V
n
), reduction of Cr11 is maintained Reaction of a 
surface radical with an adsorbed complex according to re­
action [7] leads to decomposition of the complex Three 
holes are injected from the liberated Crw species, and a 
surface site is freed at which six holes may be subse­
quently injected (reaction [4]) Since this process involves 
the injection of nine charge earners while only four are 
required to complete the oxidation of the GaAs pair (reac­
tion [3]), the cathodic partial current can exceed the corre-
sponding anodic current, a current peak, indicated by the 
dashed Ime in Fig 5, is observed At potentials negative 
10 
C H F ( m o l e m ' 3 ) 
-i, 
5.10 10 5.Ю 
Ftfl 4 The cathodic peak current for a p-type GaAs electrode as a 
fonction of the HF concentration The solid line summarizes the mea­
sured rasuitt from Ref (1) The points were calculated using the 
model 
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Fig 5 Th· solid lines art th· anodic and cathodic partial currant· 
poUntiol curvei for the cas· shown in Fig Э The dashtd lina it th« 
total curva 
with respect to the peak, the reduction rate of Crvl de­
creases rapidly because of the drop in the GaAs oxidation 
rate resulting from the drastic decrease in p. At poten­
tials more positive than the peak value, the cathodic 
curve tends to a limiting value while the anodic curve 
continues to nse exponentially This leveling off of г re­
sults from an increase in the contribution of reaction [2]. 
whose rate is directly proportional to p. This limits the 
concentration of reactive radicals at the surface and con­
sequently the rate of reaction [7] It should be emphasized 
that the limiting cathodic partial current, shown at posi­
tive potentials ш Fig 5, is not a diffusion current The 
electrode surface is still blocked and the calculated mini­
mum surface coverage is 0 95 in this case 
A comparison of Eq [15] and [19] reveals the reason for 
the apparent discrepancy between the etching and elec­
trochemical results reported for p-GaAs in the first arti­
cle A diffusion-controlled reduction of Crvl was only ob­
served at extreme values of the ratio of the HF and CiOj 
concentrations, while the etch rate depended on mass 
transport ш the solution in a much wider concentration 
range The limiting cathodic current of Eq [19] only be­
comes independent of CHP when Jce/k, >> С01/Си,
г
 Since 
fc« is relatively small, this is only possible for high С^УС^ 
ratios Open-circuit etching becomes solely dependent on 
the CIOJ concentration when ZhftjiSkfa » С01Г/Снрг, this 
can be expected at much more modest values of àw4CQt 
since гк.к/бкук« is two orders of magnitude larger than 
bJK (see Table I) This effect is, of course, due to the par­
ticipation of GaAs surface intermediates in reaction [7] 
which results in a depassivation of the surface at open-
circuit potential 
Etching morphoioflv —As described m the first article 
of this senes (1) and m previous publications (11, 12), the 
Сг03 HF etchant is, under kinetically determined condb 
tions, wry sensitive to defects m both p- and n-type 
GaAs Defects generally correspond lo cry stall о graphic­
ally disturbed areas of the solid Since such areas are ex­
pected to be less noble than the surrounding material (13), 
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selective corrosive attack should occur when etchbig is 
performed in the dark Enhanced dissolution of defects 
should therefore lead to etch pits Surprisingly, this is not 
observed with CrO^HF etchants defects are revealed as 
hillocks Although etching morphology will be dealt with 
in considerable detail in a separate paper (14), we shall 
here consider briefly the reason for this unexpected 
effect 
As a simple approximation, we equate the high reactiv­
ity of defects with enhanced rate constants (fc,, k,) for the 
dissolution reaction of GaAs We further assume that the 
defect has a stronger influence on the second hole trap­
ping step (k,), which involves the final rupture of the 
bond, than on the first step (fc,) The effect on the etch 
rate of such changes in the dissolution rate constants can 
be judged from Eq [15] An increase in the ratio fct/fc, 
gives a lowering of the partial anodic current at the rest 
potential The corresponding decrease in etch rate results 
from a heightened preference of the system for reaction 
[2] compared to reaction [7] Since this latter reaction in­
volves a depassivation of the surface, the defects are more 
effectively protected by the adsorbed layer 
Effect of tííumtnation —When p-type GaAs is exposed 
to light of the correct wavelength, electrons are generated 
in the conduction band (CB) and a cathodic photocurrent 
is observed at negative potentials (1) Measurements in 
CrO, HF solutions under these conditions show clearly 
that illumination also affects the rate at which holes are 
injected into the VB from Crv' m solution We attribute 
the very high apparent quantum efficiencies found in the 
limiting photocurrent range to reaction [5] The surface 
complex is reduced b> an electron, and a surface site is 
freed A combination of reactions [4] and [5] involving in 
the limiting case, the transfer of ten charge carriers per 
generated electron (i e per absorbed photon) accounts 
very well for the experimental results (1) 
Reduction of the surface complex by electrons, either 
directly via the CB or indirectly via surface states, is obvi-
ously more efficient than li¡ evolution The onset poten-
tial for photocurrent flow in CrQ, HF solution is consid-
erably more positive than in an indifferent electrolyte 
(HjSOJ Nevertheless, recombination of electrons with 
holes must also be important at potentials close to VFB In 
previous work (9), it was shown that very effective surface 
recombination at p-GaAs electrodes can effectively com-
pete with charge transfer to the solution Therefore, illu-
mination has no effect on the current or on the etch rate 
near the rest potential 
Applicotton of the Model Го n-GoAs in rite Dark 
Steady state equations —For oxidative dissolution of 
η type GaAs in the dark, holes must be supplied by injec­
tion from solution In addition, the competing reaction 
involving recombination of injected holes with electrons 
from the CB must be considered This reaction becomes 
important even at potentials considerably positive with 
respect to V
nt for which the electron concentration at the 
surface is relatively low A representation of the hole bal­
ance for an n-type electrode in the dark can be given on 
the basis of the reaction scheme [l]-[7], where ;„ is the 
hole flux at the surface 
j . - efc4c01(i - $) + зісвснггв + a i ^ c v N , * 
- fc.p, - k,pji, - 4 ^ ( 1 - 0) -
 3ne = 0 [22] 
The з^ term describes the recombination process De­
spite the fact that iryection occurs mainly at the free sur­
face, we assume a uniform surface concentration for the 
holes This is justified if the free surface consists of many 
very small areas These areas will, of course, change ran­
domly in time We also assume that the rate constants de­
termined for p-GaAs can be used for n-type electrodes 
The validity of this assumption is supported by results of 
Gomes and Cardon (15), who studied the competition be­
tween redox oxidation reactions and anodic dissolution at 
III-V electrodes Smce identical kinetics were found for 
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p-tvoe electrodes in the dark and η-type electrodes under 
illumination, they conclude that the rate constants are. in­
deed, independent of semiconductor type 
As a first approximation, we use a ver> simple recom­
bination mechanism We consider only direct electron-
hole recombination at the surface 
:
 MuP- [23] 
As in the case of p-type electrodes, the majority carrier 
concentration at the surface η, is described by the Boltz-
mann equation 
= nf,exp(-eVjkT) 124] 
where п
л
 is the bulk electron concentration The magni­
tude of k
r
 determines the potential at which a transition 
occurs between recombination and anodic dissolution 
(16) Ал estimate of its value can thus be obtained from 
the photocurrenl potential curve measured m an indiffer­
ent electrolyte When the photocurrent is equal to half its 
limiting value, dissolution and recombination rates must 
be equal (61с,р, - fc
r
nNp4) The measured potential al which 
this occurs can be used to calculate n, (via Eq [12] and 
[24]) and consequently fc. The corresponding value is 
given in Table I 
Current potential curyes —Using Eq [l]-[4], [7]-[10], [12], 
and [21H24] and a procedure similar to that followed 
above for p-GaAs, both the partial and total currents can 
be calculated as a function of potential For convenience, 
reaction [6] was omitted from all calculations on n-type 
material As already shown, the current due to this step is 
negligible compared to the peak current Reaction [5] 
involving reduction of the adsorbed complex by CB elec­
trons was also disregarded since this only contributes to 
the current at potentials more than 200 mV negative with 
respect to the peak value (1) 
Calculated results are shown in Fig 6 for an n-lype elec­
trode in the same solution as described above for p-GaAs 
(Fig 3) The predicted current-potential curve (Fig 6a) re­
sembles closely the experimental curve measured with 
n-GaAs in the vicinity of the rest potential (1) Both the 
magnitude of the calculated current peak and its depen 
dence on HF concentration are identical to those pre­
dicted for p-GaAs and thus in complete agreement with 
the experimental results 
Again, the mechanism can be more readily understood 
in terms of the partial reactions (Fig 6b) At extreme band 
bending, n( is very low (Eq [24Ï) and recombination can 
be disregarded Holes iryecled from solution are used ex-
clusively to dissolve the electrode The partial currents 
are, therefore, equal in this range and the total (measured) 
current is very low Since j ^ . is very small, Eq [22] be-
comes the same as Eq [14], which describes p-GaAs at 
open circuit The partial currents for η-GaAs in this po­
tential range are the same as for p-type material at V « V
r (compare Fig 5 and 6b) At more negative potentials, n, 
increases and recombination becomes important The dis­
solution rate consequently decreases A corresponding 
decrease is observed m the partial reduction current (Fig 
6b) As for p-GaAs. only one hole is required to form a 
surface radical On reacting with an adsorbed complex, 
this can free a blocked site Subsequent multiple hole in­
jection again gives nse to a current peak (Fig 6a) It 
should be noted that, in the case of an η type electrode, 
the total (external) current results from recombination of 
injected holes with electrons (16) This current drops to a 
very low value on the cathodic side of the calculated peak 
because the hole injection rate decreases drastically This 
results from an increasing surface coverage by the ad­
sorbed complex It should be noted that the cathodic cur­
rent, shown in Fig 6a, begins to flow at potentials at 
which the photocurrent in ал indiffèrent electrolyte 
reaches its limiting value 
We have, for simplicity, assumed a surface recombina-
tion process to analyze the η-type GaAs case in the dark 
However, recombination within the space-charge layer 
seems more likely considering the very strong band 
fl 
0J 
HG 
- 0 * 
' 
(a) 
- 0 3 
\ / I/ 
ч  
- O l 
'"^ • V (SCE) 
Fig 6 α 111« total current-potential curve calculattd for an n-type 
GaAs electrode in 1 2QM CrO,, 1 Ъ4М Hf solution Direct electron-
hole recombination at the surface with a nte constant k, (Table I) is 
а ш н м і і b THe contsponding partial curres 
bending involved m the potential range under considera­
tion (16) While the nature of the recombination process 
may influence the shape of the cathodic peak, its posi­
tion is always linked to the potential range beween photo 
current onset and photocurrent saturation, as observed in 
an indifferent electrolyte This has been indicated in the 
previous section It can also be shown that the peak cur­
rent is not dependent on the recombination mechanism, 
provided that surface intermediates (reactions [1] and [2]) 
are not involved (see final section) 
Etching nineties —Using the simple approach as repre 
sented by Eq [22] and [23], it is not possible to calculate 
the rest potential of the electrode when minority earners 
are injected This potential is determined by a complex 
combination of factors (17) 
An exact knowledge of V
r
 is, however, not essential for 
determining the etch rate at open circuit Under open cu­
culi conditions, the rates of GaAs oxidation and Crvi re 
duction must be equal as the recombination rate must be 
zero, a nonzero rate would imply electron depletion m the 
CB The partial currents at VT must, therefore, be equal to 
the potential-independent partial currents shown m Fig 
6b In order to check that this is the case, we measured 
the etch rate of GaAs in a 0 72M CrO,, 0 93M HF solution 
as a function of potential The results in Table II show 
that the etch rate, determined potentiostatically, has the 
same potential dependence as that expected from our 
model (see anodic partial current in Fig 6b) at potentials 
positive with respect to V
rt the etch rate is constant and 
equal to the open-circuit value (this is not a diffusion-
controlled rate), at more negative potentials, the etch rate 
decreases and becomes zero just negative of the cathodic 
peak value 
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TobU II ТЬ* «tcb rat· of on n-typ« GoAs «lactrodt, 
M o u r a d m 0 72M Cr0 3 , 0 93M HF tolation, 
α· α function of Ни oppdod potantiol 
Etch rate 
Potential (nm/min) 
Of current minimum 0 0 
Of current peak 30 г 3 
Rest potential (V,) 55 ^ 5 
V, + О Э M £ 3 
From the discussion in the previous section, it is clear 
that the model predicts the same open-circuit etch rates 
for n- and p-type matenala, as is found experimentally 
The model, consequently, accounts for the HF concentra­
tion dependence of the etch rate 
Application of Hi« Mode) to n-GaAs under Illumination 
Pfiotocurrent potenttal curves —For an illuminated 
η-type electrode, it is necessary to include a generation 
term 0 m Eq [22] for the hole balance 
g + ñkjC^il - θ) + Зк^С^в + 3ί^€„*Ν,θ 
- к.р, + fc.p.N, + 4 ^ ( 1 - β) + j ^ [25] 
It is found experimentally that the current peak occurs at 
a potential at least 0 5V more positive then V
rB (1) Since 
this implies a strong electric field at the surface and since 
the penetration depth of the light is small, we assume that 
all holes created by light reach the surface (Θ), g then 
equals the photon flux Using Eq [23]-[25j, the partial 
and total curves can again be calculated The predicted 
photocurrent-potential curve is similar to that found ex­
perimentally (see Fig 11 of the first article) At positive 
potentials, a constant anodic current, whose magnitude 
depends directly on light intensity, results from photo-
anodic dissolution of n-GaAs At more negative poten­
tials, the model predicts a cathodic peak, shifted slightly 
in the negative direction with respect to the peak in the 
dark The calculations also show that this shift is more 
pronounced at higher light intensity The predicted peak 
height under illumination is, however, the same as in the 
dark and is independent of light intensity The measured 
peak showed a weak dependence on photon density (1) 
The mechanism of photoetching —Although the model 
based on direct electron-hole recombination at the sur­
face accounts reasonably well for the observed current-
potential curves, it cannot explain the increase in etch 
rate at the rest potential during illumination At V
r
, the 
electrons generated by light at a rate g must be consumed 
at the same rate, to maintain electrical neutrality in the 
CB As generation and recombination rates must be equal 
(0 = J*r), Eq [25] becomes intensity independent at the 
rest potential and no effect of light on the etch rate can be 
expected This also holds for more elaborate models in­
volving recombination centers either at the surface or m 
the space-charge layer 
In general, two common mechanisms could account for 
photoetching of n-GaAs at open circuit In the first, holes 
generated by light are used for dissolution of the elec­
trode, while the majority earners, electrons, reduce an 
oxidizing agent from solution We do not have such a re­
duction reaction in the present case The contribution 
from reaction [5], the reduction of the surface film by 
electrons, is too small at the rest potential to account for 
the increase in etch rate due to light The second mecha­
nism involves a displacement of the semiconductor band-
edges by illumination (10) In this way, hole ii\jection 
from an oxidizing agent mto the VB or surface states, 
which cannot occur in the dark, may become possible un­
der illumination A significant shift in the bandedges due 
to injection from solution or illumination was, however, 
not obitrved m this work (Table I of the first article) 
To account for photoetching of η GaAs in CrOyHF so­
lutions, a different recombination mechanism was consid-
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ered (5), in which the intermediates of the GaAs dissolu­
tion reaction act as electron traps 
\ ь \ κ 
Ga As + e-(CB) - Ga As [26] / \ / \ 
\ / fcX / 
Ga As + e-(CB) -5 Ga As [27] 
/ \ / \ 
Since these reactions influence the concentration of 
the radical intermediate responsible for freeing the sur­
face (reaction [7]) they should affect the etch rate Such a 
recombination mechanism may not be excluded for the 
dark case The rest potential under illumination, however, 
was found to be more than 100 mV more negative than m 
the dark (1) The band bending is therefore less extreme 
and a surface recombination mechanism of the type indi­
cated in Eq [26] and [27] is even more probable Nor­
mally, one would not expect the second step to be very 
likely However, it must be remembered that the interme­
diate is formed under the blocking layer and nucleoohilic 
attack by X- (reaction [3]) is severely hindered Analo­
gous recombination steps have been suggested previ­
ously by Gomes and co-workers for photoanodic 
dissolution of η-type III-V electrodes (1Θ, 19) 
Equations [Θ] and [10] now become 
dN 
~ - - k.p, - k1p^l - kjC^'Nfi - fc^n, + M Ï * . [28] 
—~î- - ^ Р Л , - MUI - β)+ fe^HfW,· - ΜΓ,η, [29] 
dt 
For convenience in the calculations, we limit ourselves 
to the case in which all recombination occurs via such a 
mechanism, the independent з
т
 term in Eq [25] is there­
fore omitted With the aid of Eq [8], [24], and [25]-[29] and 
some straightforward though tedious mathematics, ex­
pressions for 9, p„ k^N,, and ic
v
N1 can be obtained as a 
function of n, and thus of V«. Apart from the known pa­
rameters, these expressions contain two new terms kj/кщ 
and k^k3 The former ratio determines the potential at 
which n-GaAs begins to dissolve when holes are injected 
from Cr*' in the dark Its value can be allocated accord­
ingly The ratio kjkl must be chosen arbitrarily 
Typical results of such a calculation are given in Fig 7a 
The solid curve shows the total current under illumina­
tion as a function of potential The general form is very 
similar to that of the measured curves (1) The cathodic 
peak is shifted with respect to its position in the dark 
(dashed curve) and illumination enhances slightly the 
peak current, in agreement with the experimental results 
In Fig 7b the calculated quantum efficiency for dissolu­
tion of GaAs, Ф, defined as 
Φ = (Λ,,. - lí.J/gF [30] 
is plotted as a function of potential, i*dlu and iûlM refer to 
the calculated current densities for GaAs dissolution un-
der illumination and in the dark at the same potential 
From this figure, it is clear that a quantum efficiency m 
excess of one can be expected not only at positive poten-
tials but also at the rest potential, as indicated A similar 
result was found experimentally in the potentlostatic 
etching experiments reported in Table II of Reí (1) The 
experimental values were, however, higher than those 
shown in Fig 7 
This recombination mechanism is clearly too limited to 
account quantitatively for all the results observed with il-
lumination However, the qualitative and semiquantita-
tive agreement between predicted and measured results 
supports the assumption that dissolution in termed m tes 
must play an important role in the electrochemistry of 
η-type GaAs electrodes illuminated in CrO,-HF solutions 
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Fig 7 o Tbc solid line gives Hie calculated current-potential curve 
under illuminotion tor on π type GaAs electrode m I 2QM CrO , 
1 M M HF lolution The dashed line represents the dark cos« Recom-
binotion is assumed to occur νιο surface intermediates of the GoAs 
ondation reaction The ratio к /&„ it given in Table I The ratio к Jk 
и ouumed to be 2 5 * 10 ч cm Ь The calculafed ^uontifm off ι 
ciency for dissolution of GaAs as о function of potential for гім case 
described m Fig 7o The light intensity used corresponds to о fluì of 
2 1 к I O - " mol/cm s 
Summary 
The model proposed m this paper for the dissolution of 
GaAs in CrOj-HF solutions ш оі еь two important 
features 
The first is the partial reduction of a hexavalent chro­
mium species in solution results in the formation of an 
adsorbed mixed-valence complex on the semiconductor 
surface This acts as a blocking layer which inhibits both 
the further injection of holes from Cr 4 and the dissolution 
of GaAs 
The second is that the adsorbed complex can be re­
duced by a radical intermediate of the GaAs oxidation re­
action The reduced form is then removed from the sur­
face by HF from solution 
An analysis of the kinetics of the partial reactions leads 
to equations for the etch rate and the current as a func­
tion of applied potential 
With regard to etching, the model can explain the fol­
lowing observations the etch rates of p- and η-type GaAs 
in the dark are the same, etching changes from kinetic to 
diffusion control when the ratio of the HF and CrO, con­
centrations is increased, the etch rate of p-type GaAs is 
not influenced by illumination, and cry stallo graphic de­
fects are revealed as hillocks 
The model accounts very well for the electrochemical 
results with p-type GaAs the form of the current-
potential curves, including the characteristic cathodic 
peak, is explained, the positions of both the rest potential 
and the peak maximum are predicted, the magnitude of 
the current peak and its dependence on HF concentration 
are accounted for quantitatively, and the very high appar 
ent quantum efficiency for the cathodic photocurrent 
can be understood 
For η type electrodes recombination of holes injected 
by СгЛІ with CB electrons must abo be taken into ac 
count The essential results for n-tvpe GaAs in the dark 
can be explained with the aid of a simple model involving 
direct electron hole recombination at the surface The 
general form and the position of the current potential 
сиг еь is accounted for The peak current is shown to be 
identical to that of ρ type GaAs and to have the same HF 
concentration dependence 
This simple recombination model failed, however, to 
explain the results obtained with n-GaAs under illumina­
tion Since, m this case, the rest potential is shifted to 
values more negative than that observed m the dark, it 
was concluded that recombination of electrons and holes 
occurs via surface intermediates of the GaAs oxidation re 
action Although this mechanism predicted a higher cath­
odic peak current in the dark than was experimentally 
observed it could account for the results under illumina 
tion The form of the calculated photocurrent potential 
curves agrees with that measured experimentally, the 
shift of the potential of the cathodic peak from its dark 
value to more negative potentials at increasing light in­
tens i f is predicted the increase in the magnitude of the 
peak current with increasing light intensity is explained, 
and a quantum efficiency greater than one for dissolu 
tion of η GaAs both at open-circuit and more positive po 
tentials can be understood in terms of the model 
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CHAPTER 5 
KINETICS AND MORPHOLOGY OF 
GaAs ETCHING IN AQUEOUS 
СгОз-HF SOLUTIONS 
J. van de Ven, J L.Weyher, J J. Kelly and J.E AM. van den Meerakker 
Journal of the Electrochemical Society , in press 
KINETICS AND MORPHOLOGY OF GaAs ETCHING IN AQUEOUS CrOn-HF SOLUTIONS 
ABSTRACT 
Th etching of n- and p- type GaAs in aqueous CrOo-HF solutions, both under 
illumination and in the dark, has been studied. On the basis of two 
ternary composition diagrams three regions of different etching kinetics 
can be delineated. These are also regions of different surface morphology 
after etching. For low [HF]/[CrOo] ratios and [HF]<10 M the etching 
process is kinetically controlled. The etch rate depends on [HF] and is 
independent of [СгО^]. High defect sensitivity is obtained in this part of 
the ternary diagram. For high [НР]/[СгОт] ratios and [HF]<10 M the etching 
reaction is limited by mass transport of Cr in solution. Defect 
sensitivity is poorer in these etchants. For HF concentrations above 10 M, 
a purely chemical etching reaction becomes important and GaAs is dissolved 
with arsine formation. For all solutions, defects in both p- and n- type 
crystals are found to dissolve more slowly than the surrounding material. 
Kinetic and morphological results are explained in detail on the basis of a 
model for electroless etching. 
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1. INTRODUCTION 
Since the introduction of nitric acid as an etchant for GaAs by Schell 
(1), a large number of selective, preferential, profiling and polishing 
etchants has been described (2,3). Reviews of these were given by Neels 
and Voigt (4), Tuck (5), Kern (6) and Stirland and Straughan (2). The 
latest developments in the field of defect-selective etching on GaAs are 
based on enhancing the contrast by illuminating the semiconductor and on 
slowing down etch rates by diluting the etchants (7.8i9)· The development 
of new etching systems, however, is still largely a matter of trial and 
error. This is mainly due to the fact that, at present, very little is 
known about the chemistry and physics involved in the etching processes. 
In recent work (10,11) we presented a detailed model for the mechanism 
of GaAs dissolution in DSL etchants. DSL refers to Diluted Sirtl - like 
etchants with the use of Light. This system, which is based on CrOo, HF 
and H2O, has already been described phenomenologically in other papers 
(9,12,13)· It was shown that, for a large range of compositions, defects 
in n- type GaAs are revealed after removal of only some tenths of a micron 
from the surface. These defects include dislocations, stacking faults, 
microprecipitates, growth striations and lamellar twins. The surface 
between the defect-related etch figures remains completely smooth. Defects 
can also be revealed in p-type and semi-insulating material, though the 
sensitivity is lower than for η-type GaAs. Because of the high defect 
sensitivity, the ease of handling, the stability of the solutions, the 
non-critical concentrations of СгО^ and HF within wide limits and the small 
'memory effect' (9,12), this system is extremely useful for delineation of 
defects in GaAs and other III-V compounds (14), especially in thin 
epitaxial layers (15)· In the present paper, the morphological and kinetic 
aspects of GaAs etching in the DSL system are presented and discussed 
mainly on the basis of our model. 
It should be noted that CrOo plays an important role as an oxidizing 
agent in III-V defect revealing systems. The widely used AB etchant (l6) 
and related solutions are also based on Cr . The use of HF in these 
systems gives very satisfactory results, but is not essential. It has been 
shown that HCl can also be used succesfully, though concentrations and the 
concentration ratio are more critical (17). 
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2.EXPERIMENTAL 
GaAs samples, {100} oriented, were obtained from different 
manufacturers. Their specifications were: 1. η-type. Si-doped, carrier 
concentration of 1.2-2.8 χ 10 cm-^ ; 2. p-type, Zn-doped, carrier 
concentration of 1.3 x 10 cm ->. Before use, η-type GaAs samples were 
anodically polished in an EDTA electrolyte (18) to remove impurities and 
work damage; 3-5 um of material were dissolved by this procedure. The 
anodic oxide was left on the surface as a protective layer and was removed 
just before DSL etching by dipping in a diluted HCl solution. The p-type 
crystals received an H2O2/H2SO4/H2O (by vol. 1:5:1) dip at 60°С as 
pretreatment; 2-3 microns were dissolved by this treatment. 
The same experimental set-up was used as previously described in (9) 
and (10). During etching no stirring was applied. Unless otherwise stated 
etch rates refer to the first 30 sec of etching. Etch depths were 
determined with an Alpha step profiler (Tencor Instruments). All 
experiments were performed at room temperature. Chemicals, supplied by 
different manufacturers, were of analytical quality. Etch rates were 
reproducible to within 5-10%. Anomalous results, obtained with one 
particular batch of CrOo (10), are omitted from this work. Unless otherwise 
stated concentrations are expressed in mol/liter (M) and denoted by square 
brackets. 
З. RESULTS 
Fig.l shows the ternary diagrams with contour lines of constant etch 
rate for η-type GaAs in the dark (fig.la) and under illumination (fig.lb). 
Etch rates for p-type GaAs. both in the dark and under illumination, were 
similar to those found for η-type material in the dark. 
In the composition triangles of fig.l three main regions can be 
discerned. These are first defined and then discussed below seperately. For 
[НР]/[Сг0т] ratios below -10, the contour lines of constant etch rate run 
parallel to the HpO-CrOo axis. This means that lines of constant etch rate 
are also lines of constant HF concentration. From this it follows that for 
solutions from this composition range, defined as region A, the etch rate 
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F l g - 1 : Ternary composition diagrams for the HF-CrO^-^O etching system for 
η-type GaAs. a.contour lines of constant etch rate in the dark; b.contour lines 
of constant etch rate under 150 mW/cm2 Не/Ne laser illumination. The numbers on 
the contour lines refer to etch rates in um/min. 
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depends on [HF]. For etchants with [НР]/[СгОт] ratios above -20, the 
contour lines run parallel to the H2O-HF axis for a large number of 
solutions. In this concentration range, defined as region B, etch rates 
therefore depend on [CrOo]. The transition between regions A and В occurs 
at [HF]/[Cr0o] ratios of --10-20. For these intermediate ratios the system 
must be described by mixed kinetics. The transition between the two regions 
is somewhat sharper for the illuminated (fig.lb) than for the dark (fig.la) 
case. For solutions with high HF concentrations , deviation from the 
parallel behaviour of the contour lines described above is evident. As will 
be discussed below, the linear dependence of the etch rate on [СгОт] 
observed for solutions from region B, only holds for etchants with HF 
concentrations below 10 M. Additionally, for these very concentrated HF 
solutions gas bubble formation occurred during etching. Region С is 
therefore defined as corresponding to [HF] > 10 M. 
3.1. ETCHING KINETICS IN REGION A 
For etchants from this [HF]-controlled concentration range plots of 
the etch depth versus time are linear and pass through the origin (fig.2). 
A typical etched profile is shown in the insert of fig.2. Etch rates of 
η-type GaAs in the dark and under laser illumination are plotted as a 
function of [HF] in fig.3. In the dark (curve a) the etch rate increases 
slowly with [HF] at low concentrations, but tends to become linear at 
higher [HF] values. Under illumination (curve b), a linear relationship 
between the GaAs dissolution rate and [HF] is found. For p-type samples a 
plot of the etch rate vs [HF] is similar to that for η-type GaAs in the 
dark (10). The etch rate of p-type GaAs is not affected by illumination. 
For all solutions from region A, the etch rate of η-type GaAs 
increases when light is used (fig.3). At increasing HF concentrations the 
ratio of illuminated and dark etch rates decreases markedly. This shows 
that at high [HF] the influence of light on the dissolution kinetics 
becomes small. 
The photo etch rate was studied as a function of laser light intensity 
for some solutions from region A. A typical plot, as obtained in 1.55 M HF 
and 1.20 M СгОэ, is given in fig.k. In this plot the intensity is corrected 
for 30% light reflection losses at the air-liquid and liquid-semiconductor 
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•» time (sec) 
Fig.2: Etch depth (d) measured on η-type GaAs in the dark as a function of time 
for an [HF]-controlled solution containing 3.10 M HF and 0.96 M CrO,. In the 
insert a typical etch profile after 30 sec of etching is shown for these 
etchants from region A. 
5 10 
Fig-3: Etch rates (v) of η-type GaAs as a function of HF concentration for 
etchants from the [HF]-controlled region of fig.l. Curve a is for the dark case, 
curve b for the illuminated case. 
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interfaces. This value is based on the refractive indices of air, solution 
and crystal, and the adsorption coefficient of GaAs at the wavelength of 
the light used. The curve shows that, after an initial sharp increase, the 
dissolution rate tends to a limiting value at high light intensities. For 
all experiments used to plot fig.lb and 3b, intensities in the saturation 
range were employed. From the initial (linear) slope observed in fig.4 the 
'efficiency' of illumination, defined as the number of GaAs molecules 
dissolved per absorbed photon, was calculated to be 0.35· 
3.2. ETCHING KINETICS IN REGION В 
The dissolution behaviour of n- and p-type crystals is the same in 
this [CrOo]-controlled concentration region. A linear dependence of etch 
depth on time was found, but the zero-time intercept did not pass through 
the origin (fig.5). The constant steady state etch rate can therefore 
deviate strongly from the rate determined after 30 sec of etching. For this 
reason it is difficult to draw quantitative conclusions regarding region В 
from the dissolution rates presented in fig.l. The steady state etch rate, 
determined by measuring the etch depth for longer times (-10 min), showed a 
linear dependence on [CrOo]. 
Illumination produced a slight increase in the etch rate of n-type 
GaAs. Gentle stirring or vibrating of the system, however, removed this 
effect. The influence of light in these cases can therefore be attributed 
to thermal mixing in the solution near the reacting interface. It is not a 
fundamental characteristic of the etching reaction itself. 
At the edge of the protective wax used for etch depth determination, a 
'negative crown' profile was observed for all solutions from region В 
(insert of fig.5). Etchants from region A did not show this effect (insert 
of fig.2). 
3.3. ETCHING KINETICS IN REGION С 
For solutions with [HF]>10 M and high [HF]/[Cr0j] ratios, the etch 
rate exceeded the value expected on the basis of a linear [CrO-j] 
dependence. The difference strongly increased with increasing [HF], and 
could become several microns per minute for cencentrations above 20 M. 
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Fig.^ : Total etch rate (ν) of n-type GaAs as a function of corrected laser light 
intensity ICOI.r (see text) for a solution containing 1.55 M HF and 1.2 M Crib. 
120 180 
• lime (sec.) 
FIR.5: Etch depth (d) measured on n-type GaAs in the dark as a function of time 
for a [CrOj]-controlled solution containing 5.1 M HF and 0.072 M CrO,. A typical 
etch profile is shown in the insert. 
49 
Bubble formation in these solutions caused rough surfaces, which hampered 
accurate etch depth determination, and probably also introduced some 
stirring effects. For this reason the etch rate measurements were not very 
accurate and it is difficult to draw quantitative conclusions for these 
solutions. The 'extra' etch rate discussed above causes a deviation from 
the parallel behaviour of the etching contour lines in the ternary diagram 
in fig.l. It can be seen in fig.l that this deviation is not solely a 
function of [HF]. In HF solutions without СгО^, for example, no dissolution 
takes place. For lower CrOo concentrations the bending of the contour lines 
is also less pronounced. 
Tb investigate whether a volatile arsenic product was present in the 
bubbles formed under these conditions, a fast nitrogen stream was passed 
over the dissolving surface. This gas was collected and analysis with 
Induced Coupled Plasma (ICP) emission spectroscopy showed the presence of 
an arsenic-containing species. It seems very likely that arsine is formed 
during the dissolution process. Since this decomposes readily in the acidic 
and oxidizing etchant, arsine could not be detected during etching in the 
previous work (13)· The fast nitrogen stream used in the present case, 
however, removed (part of) the arsine before decomposition could occur. 
In (13) it was shown that the bubble formation during etching in these 
solutions is related to the amount of gases already dissolved in the 
solution before etching. The observation that this bubble formation only 
occurs in solutions with [HF] larger them -10 M, in which a volatile 
arsenic compound is formed at the dissolving GaAs surface, suggests that 
this latter reaction has a stimulating effect on bubble formation near the 
reacting interface. A possible explanation for this is that, due to the 
strongly exothermic reaction of arsine in the etchant, heat is produced. 
This causes local gas supersaturation and consequently bubble formation. 
ЪЛ. SURFACE MORPHOLOGY AFTER ETCHING 
З·
1
*.!. η-type 
As already demonstrated in (9) etch patterns obtained on η-type GaAs 
vary strongly with the etchant composition. Roughly speaking, the main 
morphological regions that were indicated in (9) correspond to the three 
regions of etching kinetics in the ternary diagram. The results can be 
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F i g . 6 : Nomarski i n t e r f e r e n c e c o n t r a s t photographs of e t c h p a t t e r n s i n GaAs 
i l l u s t r a t i n g r e g i o n s with d i f f e r e n t s u r f a c e morphology, a . r e g i o n A, η-type GaAs 
{defects r e v e a l e d , s u r f a c e f l a t between d e f e c t s ) ; 2.4 urn was removed in 
2.3 M HF, 1.8 M CrOo under i l l u m i n a t i o n , b . r e g i o n В and s o l u t i o n s from region A 
with [НР]/[Сг0т]>-7. η-type GaAs ( d e f e c t s r e v e a l e d , microroughness) ; 3 um was 
removed i n 3 ·7 M HF, 0.29 M CrO, under i l l u m i n a t i o n , с . r e g i o n С, η-type GaAs 
( d e f e c t s r e v e a l e d , micro- and macroroughness); 2 um was removed i n 13.9 M HF, 
1.1 M СгСЬ under i l l u m i n a t i o n , d . r e g i o n A, p-type GaAs; Ц um was removed in 
k.6 M HF, 0.72 M CrO, i n the dark. In o r d e r to enab le a d i r e c t comparison, the 
e t c h depth was kept s i m i l a r for a l l c a s e s . 
summarized as follows. In region A, with [HF]/[Cr0o]<10 and [HF]<10 M, a l l 
kinds of defects are visible after etching (9,12). The surface between 
these features remains smooth for solutions with [HF]/[Cr0o] rat ios lower 
than ~7 (fig.6a). For solutions from region В and from that part of region 
A characterized by [HF]/[Cr0o]>~7, some microroughness i s generally found, 
as well as defect structures (fig.6b). In concentration region C, 
characterized by [HF]>10 M, a so-called macroroughness i s also obtained in 
addition to microroughness and defect features (9.13)· Large hillocks are 
created on the surface (fig.6c), which are not related to crystallographic 
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imperfections in the semiconductor crystal. They are due to adhesion of gas 
bubbles to the surface, which causes local inhibition of etching. 
Defects always show up as elevations or hillocks on the surface. 
Highest sensitivity is obtained for etchants from region A with low 
[НР]/[СгОт] ratios under illumination, where removal of only a few tenths 
of a micron from the semiconductor surface is sufficient to reveal clearly 
all crystallographic imperfections. For these solutions light has a strong 
influence on defect sensitivity. In the dark considerably more material has 
to be removed to reveal the same defects (9). For solutions from region В 
defect sensitivity is poorer than for solutions from region A. 
ЗЛ.2. p-type 
The surface morphology of p-type GaAs after etching is similar to that 
of η-type material. Etch hillocks and ridges are formed, often with shallow 
depressions related to precipitates along the dislocation lines (fig.6d). 
More material has to be removed in order to reveal defects (12). For n-type 
GaAs under illumination removal of only 0.1-0.2 urn with a solution from 
region A is sufficient to reveal clearly all defects; for p-type GaAs an 
order of magnitude more material has to be removed in order to obtain the 
same resolution. Illumination has no effect on p-type defect sensitivity. 
4. DISCUSSION 
4.1. MODEL 
In previous work (10,11) we presented a model to describe the etching 
kinetics of GaAs in CrOo-HF solutions. For HF concentrations lower than 
10 M, GaAs dissolves via an 'electroless' mechanism involving two distinct 
electrochemical reactions: (cathodic) reduction of Cr and (anodic) 
oxidative dissolution of the semiconductor. Under open-circuit 
(electroless) conditions, the partial currents due to these reactions must 
be equal. The open-circuit etch rate is related to these partial currents 
via Faraday's law. In this section we reconsider briefly the etching 
mechanism in order to analyze the kinetic and morphological results 
presented above. 
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Oxidative dissolution of GaAs occurs in several successive steps, and 
can be represented as follows: 
к 
^•GalAs^ + h ¿> ^Ga.Asd Π ] 
^TGa.As^ + h + -^ ^Ga As CC [2] 
^Ga A s C + 2 X" -> > ¿ A¿C-Í--—> G 3" 1 + ^ 1 [3:l 
^ ^- ' " ^ fast ' 
In reaction [1] a hole is trapped in a GaAs surface bond. Trapping of a 
second hole causes rupture of the first Ga-As bond (eq-[2]). Attack by a 
nucleophilic reagent from solution, represented by X , results in rapid 
dissolution of the GaAs pair (eq-[3]). Six holes are required to dissolve 
one GaAs molecule (19)· 
If it is assumed that the trichromate ion (denoted by 
{CpVI-Cr -Cr }) is the electroactive species (20), the cathodic reaction, 
in which holes are injected into the valence band, can be represented as 
follows : 
,- VI VI VI, k4 . . Ill VI „ 111, . , ,+
 r., {Cr -Cr -Cr } > {Cr -Cr -Cr } , + 6 h [4] 
' ads 
The chromium complex is reduced to a mixed valence species that forms an 
adsorbed blocking layer on the surface, thus preventing further hole 
injection and GaAs dissolution, locally. The exact nature of the hexavalent 
chromium species in solution is not important; the model can be readily 
adopted to account for other active Cr species. 
The essential feature of the model involves a depassivation of the 
surface by reduction of the adsorbed complex with activated surface states 
from the GaAs oxidation process; the reduced complex is removed from the 
surface with the aid of HF: 
^Ga Asd + 2 Cr111 + Cr11 + 3 h+ [5] 
In order to avoid confusion with the notation of reference (11), the rate 
constant of this reaction is denoted by ky. The reaction in eq-[5] is 
second order in HF concentration. 
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The overall partial reactions can be represented as follows: 
GaAs + 6 h + •> Ga 1 1 1 + As 1 1 1 [6a] 
{CrVI-CrVI-CrVI} — - > Cr 1 1 + 2 Cr 1 1 1 + 10 h + [6b] 
4.2. ETCHING KINETICS 
From the discussion of the mechanism above it is clear that the 
surface coverage θ due to the adsorbed film must play a determining role in 
the etching kinetics; injection of holes from Cr and dissolution of GaAs 
via nucleophilic attack are only possible at the free surface. From 
eq-[8],-[9] and -[1^] of reference (11), an expression for the surface 
coverage of η-type and p-type GaAs in the dark at open-circuit potential 
can be readily obtained: 
5-k,-C. 
θ L-2* [7] 
ос к 
5-k.-С. + г-к-.^.С^,, 4 Ox 1 k_ HF 
The values of the various rate constants are given in table I. CQ and Cjjp 
are the concentrations of the electroactive species and HF in mol/cnP. Note 
that since trichromate is considered as the hole donor, in the present case 
[CrOo] = 3 x ICH CQ X. θ Ο 0 is obviously determined by a competition between 
the passivation reaction (hole injection) as given by the first term in the 
denominator of eq-[7] and depassivation, which depends on reactions [1] and 
[5] as given in the second denominator term. From this latter term it is 
clear that depassivation in turn depends on the competition between 
reactions [2] and [5] for the GaAs activated states. The total rate of hole 
injection at open-circuit is described by: 
Jp = 1 0 k4 C0x ( 1 - ос > [ 8 ] 
, since 10 holes are involved per electroactive species. In the steady 
state this rate must be, of course, equal to the rate at which the holes 
are consumed, i.e. the dissolution rate of GaAs. Combining equations [7] 
and [8] yields the open-circuit etch rate in the dark: 
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-27 -1 
k1 = 2.5 χ 10 mol-cm-scc 
k-/k- = 5.5 χ IO" 2 5 mol2-cm"3 TABLE 1: Rate constants for reaction steps 
к, = 5.5 χ ΙΟ"4 cm-sec" in the GaAs dissolution process. 
го-к.-к.-с. .cjL 
v = A
 4
 *
 0 x H F
 [9] 
d 2 k2 
Z.k. .CUT, + 5.k. .r-.€„ 1 HF 4 k7 Ox 
Here, A is a constant to express v^ in um/min. 
The model predicts that for relatively low [HF]/[Cr0o] ratios 
(depending on к^, k^ and ^/^•n values) the etch rate depends on the square 
of [HF] and is independent of [CrCK] (eq-[9]). This is found 
experimentally. In this concentration range the surface coverage due to the 
passivating film should be high (eq-[7]) and the etching process should be 
kinetically determined by formation and dissolution of the blocking layer. 
This conclusion is strongly supported by electrochemical observations (10). 
The etching results from region A are indeed characteristic of a 
kinetically determined process: the etch rate of η-type GaAs can be 
enhanced by illumination; a steady state etch rate is established 
immediately and a 'negative crown' profile is not observed in fig.2 (see 
following paragraph). Etchants from region A are equivalent to the widely 
used AB-based systems. Since the small concentration of Ag+ ions m the 
latter etchants does not influence the etching kinetics (7). it must be 
concluded that the same kinetically controlled mechanism operates. 
For solutions with a relatively high [HF]/[Cr0o] ratio, here defined 
as region Β, θ should decrease to very low values (eq-[7]) and the etch 
rate should depend only on the CrO-5 concentration (eq-[9]). Hole injection 
by Cr , and consequently dissolution of GaAs, proceed unhindered at the 
semiconductor surface. The etch rate is, m fact, limited by mass-transport 
of Cr in solution (10). Several observations in region В support this 
conclusion: initially, the etch rate is high, but it decreases to a 
constant value at longer etching times when a stationary diffusion boundary 
layer is established; stirring was found to increase etch rates; the steady 
state etch rate found for longer times (without stirring) is in good 
agreement with the diffusion limited reduction current of Cr found in 
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electrochemical experiments (10); this steady state etch rate is found to 
vary linearly with the CrOo concentration; and, finally, the 'negative 
crown' profiles, observed at the resist edges (insert of fig.5) also 
indicate a mass-transport limited reaction in which more efficient supply 
of reactants at the resist edge locally leads to larger etch depths (21). 
Using the rate constants in table I, contour lines of constant etch 
rate in the dark were calculated from eq-[9]. The results are shown in a 
ternary diagram and compared with experimental data (fig.7). The agreement 
is good, except for solutions from the HF-nch corner of the diagram, 
region С For calculation of the etching contour lines plotted in fig.7, 
the kinetic value k¿| as given in table I was used in all cases for the 
reduction rate of Cr . For solutions from region В, kn should be replaced 
by a diffusion rate constant under steady state conditions. The 
experimental etch rates used to plot fig.la and fig.7, however, were 
obtained after 30 sec of etching. Therefore, these are still determined to 
some extent by kinetics. 
Fig 7 Ternary composition diagram with contour lines of constant etch rate in 
the dark ( ) experimental curves, (^—(curves calculated using eq-[9], with 
rate constants from table 1 
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For solutions containing HF concentrations above -10 M (region C) it 
was fovmd that etch rates are higher than expected on the basis of a 
reaction limited by mass transport of Cr . The difference increases 
strongly with increasing [HF]. Arsine is very likely formed under these 
conditions. These observations lead to the conclusion that, parallel to 
electroless dissolution of GaAs, a second etching mechanism operates in 
which GaAs is dissolved via a purely chemical reaction. The equation for 
this reaction can be written as: 
GaAs + 3 HF > GaF3 + AsH3 [10] 
This chemical reaction can be compared with the etching of InP in HCl 
solutions, during which phosphine is evolved (22). The total reaction for 
GaAs in CrOo-HF solutions is, however, more complicated than that suggested 
in eq-[10]. This subject is out of the scope of this paper and will not be 
treated further here. 
Illumination of the η-type crystal during etching has a pronounced 
influence on the etching kinetics in solutions from region A. From the 
results given in fig.4 at low light intensities it was shown that one GaAs 
molecule is dissolved when three photons are absorbed. Since GaAs 
dissolution is a six hole process, it follows that two holes are 
transferred for every photon absorbed. Simple models in which 
photogenerated holes are used directly for GaAs oxidative dissolution 
cannot account for the results (11). Under electroless conditions charge 
neutrality must be maintained. This implies that for every hole leaving the 
semiconductor , a (conduction-band) electron should also be transferred to 
the solution. It was shown that a reduction reaction with electrons does 
not occur at a significant rate under open-circuit conditions (10). 
Therefore, the photogenerated holes and electrons must recombine and can 
not contribute directly to the GaAs dissolution process. A mechanism in 
which GaAs surface state intermediates participate in the recombination of 
the minority carriers can explain the results (11). Such a mechanism leads 
to a net increase in the density of activated surface states and in the 
rate of reaction [5], and consequently to a lowering of Θ. For η-type GaAs 
under electroless conditions the band bending is strong and the surface 
concentration of majority carriers is very low. For p-type crystals, 
however, the bands are nearly flat and the high hole concentration in the 
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light absorption region causes rapid recombination of photogenerated 
carriers. This explains why etching of p-type GaAs is insensitive to light. 
4.3. ETCHING MORPHOLOGY 
Since defect sensitivity is highest in kinetically determined 
etchants, the discussion of morphology will be focussed on these solutions. 
The defects, such as dislocations, precipitates, grain boundaries, which 
are revealed by the CrO^-HF etchants are, in most cases, 
crystallographically disturbed areas of the solid. These defects are 
revealed as hillocks or ridges on the surface. Inclusions and 
microprecipitates in the solid, which generally have a different 
composition than the matrix, mayu cause shallow pits on the surface during 
etching (9). This is thought to be due to rapid removal of such defects as 
a whole and will not be treated further here. In general the Gibbs free 
energy in regions which are stressed or in which the continuity of the 
lattice is broken is more positive than in the surrounding perfect crystal 
(23). Consequently, the change in Gibbs free energy upon dissolution, 
^dis' i s m o r e negative for defects than for the perfect surface. Working 
along the same lines. Frese and coworkers (2k), using a bonding model of 
Sanderson, have shown that regions where dislocations emerge at the surface 
have a more negative 'microscopic decomposition potential'. With a simple 
model it is shown that decreasing the coordination number of a surface atom 
by one bond results in a decrease of AGJ^ of-l'íO kJ/mole. Therefore, 
selective corrosive attack is expected at defect areas when GaAs is etched 
in the dark. Consequently, enhanced dissolution of defects should lead to 
etch pit formation, if further general conditions required for pit 
formation are fulfilled (25). However, in contrast to this, hillocks or 
ridges are formed on all crystallographic defects during etching of n-type 
and p-type GaAs in CrOo-HF solutions, both in the dark and under 
illumination. 
In the present etching system, reduction of bond strength in the 
crystallographically deformed regions is expected to cause an increase in 
the rate constants kj, ix.2 a n^ ^ч ?ог GaAs oxidation (see eq-[l], [2] ,[3]) · 
Since k 7 describes charge transfer across the semiconductor/film interface 
it is reasonable to assume that its value will not change significantly for 
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defect-free or deformed material. For p- and η-type electroless etching in 
the dark, the dissolution rate is given by equation [9]. As k^ does not 
appear in this expression, it is not considered further. The constant k2 
involves the breaking of a Ga-As bond (eq-[2]), and consequently a 
reduction of the coordination number. Therefore, crystallographic 
deformation is likely to have a stronger influence on kp than on k-i , which 
only describes trapping of the first hole. Since breaking of a surface bond 
involves large changes in ¿GJ (24), a considerable increase m rate 
constants may be expected. In fig.8, the ratio of etch rates of the perfect 
surface and of a defect region is calculated as a function of k^/ky using 
equation [9]· ki is, for convenience, kept constant. A strong decrease in 
etch rate with increasing k2/k7 ratio is predicted. The seemingly 
contradictory result, that a locally weakened bond strength causes a 
decrease in etch rate, results from an increased preference of the system 
for reaction [2] compared to reaction [5]. Since reaction [5] ensures a 
depassivation of the surface, the coverage by the adsorbed layer is higher 
at the defect. This results in a localized decrease in etch rate and 
hillock formation. This behaviour is somewhat analogous to that of very 
non-noble metals such as Al and Ti on which, partly as a result of their 
10 
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Fig 8 Ratio of etch rates of a defect region and the perfect surface 
(vd(def)/vd) as a function of the ^Ιν-η ratio for low [HF]/[Cr0,] ratios, 
calculated using eq-[9] 
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high corrosivity, very resistant surface films are formed which protect the 
material from further oxidation. 
Growth striations, representing regions with different carrier 
concentrations, are revealed on p-type crystals by the CrOo-HF etchants. 
For p-type samples with various carrier concentrations, a difference in 
etch rate was not found. This is in agreement with the model and eq-[9]. 
However, etching of a (Zn-diffused) p/p+ profile in a DSL etchant showed 
preferential dissolution of the p + region (26). This effect can be 
explained by cathodic protection of the more noble lower-doped region 
(fig.9)· At the respective rest (open-circuit) potentials (ν
Γ
) of the ρ 
and ρ materials, the etch rates are, of course, equal. For the p + material, 
the anodic partial current of GaAs oxidation is found at lower potentials, 
as is V
r
. In the mixed p/p + system the rest potential assumes an 
intermediate value. Consequently, this leads to cathodic protection of the 
region with the lower carrier concentration. 
For η-type crystals, the etch rate WEIS found to be nearly constant for 
1 f\ 1 Я —Я 
a large range of carr ier concentrations between 1 0 - 2 x 1 0 cm •). The rest 
F i g . 9 : Simpl i f ied current-potent ia l p lot to demonstrate the e f f e c t of cathodic 
protect ion . The anodic p a r t i a l current for GaAs oxidat ion i s shown as a function 
of p o t e n t i a l for a r e l a t i v e l y high (p*) and low (p) doped sample. V
r
(p ) , V
r
(p*) 
and V
m
 re fer to the r e s t p o t e n t i a l s for the p- and p* material and the p/p* 
system, r e s p e c t i v e l y . i
m
( p ) and i
m
(p*) re fer t o the anodic d i s s o l u t i o n currents 
in the p/p* system. 
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potential in CrCK-HF solutions was found to increase with an increase in 
carrier concentration. Consequently, for n/n+ junctions a similar cathodic 
protection effect is expected as for p/p profiles (26). For the n-type 
case, however, the more highly doped region must dissolve more slowly in a 
mixed system. This was indeed found when etching an n-(10 cm -') epitaxial 
layer on an n +- (10 ст-^) substrate. The large sensitivity of the 
etchants for growth striations in η-type GaAs is accordingly explained. 
The etch rate of η-type GaAs in etchants dilute in HF is relatively 
low. Both the etch rate and the defect sensitivity can be greatly enhanced 
by illumination. Defects in the solid are likely to act as additional, 
effective, recombination centres (27). As a consequence, the photogenerated 
carriers, involved in the depassivation and dissolution reactions, are 
efficiently removed. This may be seen in terms of a lower net generation 
rate at the defect, which can cause a decrease in etch rate (fig.4). 
Another important factor is that the rest potential of the crystal under 
illumination is significantly negative with respect to V in the dark (10). 
The background 'dark etch rate' is therefore greatly reduced and the 
photosensitivity, and thus the defect sensitivity, of the etching system is 
consequently enhanced. 
While the latter mechanism of defect selectivity discussed above is 
based completely on locally enhanced recombination, the first mechanism we 
presented is based on lattice deformation and bond strength reduction. 
Therefore, differences in the shape of defects revealed after etching of p-
and η-type GaAs, in the dark and under illumination, may be expected. Such 
effects are discussed in another paper, which deals with the interpretation 
of morphological features obtained after etching (12). 
For kinetically-determined etchants with [HF]/[Cr0n]>-7 and [HF] lower 
than 10 M, the etched surfaces are 'microrough'. Generally, for dissolution 
processes in highly undersaturated solutions kinetic roughening of the 
surface may occur (28). In the present system, however, the surface is 
protected by the passivating layer. This is believed to be the reason that 
it remains smooth during etching. Consequently, for decreasing values of 
the coverage θ a 'roughening transition' is expected. In fig.10 the 
surface coverage due to the film in the dark is plotted as a function of 
HF-concentration for [CrOo] = 1.2 M, using rate constants from table I. For 
relatively low HF concentrations the surface is almost completely covered 
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Fig. 10: Surface coverage by the pass ivat ing fi lm,
 о с
, 
[CrOj]»1.2 M in the dark. 
function of [HF] for 
( =1). For relatively high concentrations θ decreases to low values. 
The 'critical' [HF]/[Cr0o] ratio of 7 corresponds to a value for θ of 
-0.6 in this case. Similar results were obtained for other CrOn 
concentrations. Therefore, it is concluded that the transition from smooth 
to rough etched surfaces is due to a decrease in surface coverage by the 
passivating film. 
In etchants from composition region B, the etch rate was found to be 
limited by mass transport of Cr in solution and the surface coverage θ 
is low. As the l^/ky-ratio can be considerably higher at a defect, the 
local surface coverage may be larger than zero (eq-[7])· Thus, while the 
etch rate on the macroscopic surface is diffusion controlled, dissolution 
at defects may still be hindered by the passivating film. This may explain 
why defects are observed, though weakly, on surfaces etched in solutions 
from region B. 
5. SUMMARY 
Dissolution of GaAs in СгСЦ-НР solutions generally proceeds via an 
electroless mechanism in which the semiconductor is oxidized and CrOo is 
reduced. Three main regions of etchant composition can be delineated. For 
[HF]/[Cr0n] ratios below -10 and [HF]<10 M (region A), the etching process 
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is kinetically controlled. In the dark, p- and η-type dissolution kinetics 
are the same. The defect sensitivity for η-type GaAs is high. More material 
has to be removed to reveal the same defects on p-type crystals. 
Illumination increases both the etch rate and defect sensitivity for n-type 
GaAs, but does not influence p-type etching behaviour. For [HF]/[CrO:>] 
ratios above -20 and [HF]<10 M (region B) the etching reaction is 
controlled by diffusion of Cr in the solution. The defect sensitivity is 
low for both n-type and p-type crystals. For solutions containing an 
HF-concentration above 10 M (region C) a second, purely chemical, 
dissolution mechanism with arsine formation becomes important. 
The kinetics of the electroless system were quantitatively explained, 
using a model involving the formation of a passivating layer which contains 
both Cr and Cr species. In region A the surface coverage by the film 
is high. The layer can be removed by intermediates from the GaAs oxidation 
process, with the aid of HF. The kinetics of film-formation and removal 
determine the etching process. In region В the coverage decreases to low 
values. Hole injection by Cr , and consequently GaAs oxidation, occur 
unhindered and are only limited by mass transport of Cr . 
Defects are revealed as hillocks or ridges on the surface of p- and 
n-type crystals, both in the dark and under illumination. Defect 
sensitivity on p-type GaAs and n-type GaAs in the dark can be explained by 
assuming a reduced bond strength at the defect. This results in a local 
increase in surface coverage by the passivating film and consequently a 
reduction in etch rate. For n-type GaAs under illumination locally enhanced 
recombination at defects leads to a decrease in etch rate and improved 
defect sensitivity. Other morphological features of the system which were 
explained include surface roughening and growth striations. 
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CHAPTER 6 
DEFECT SELECTIVE ETCHING OF GaAs IN 
СЮ3-НСІ SOLUTIONS. 
/. van de Ven, A.F. Lourens, JL. Weyher andLJ. Giling 
Chemtronics, in press. 
DEFECT SELECTIVE ETCHING OF GaAs IN CrCb-HCl SOLUTIONS 
ABSTRACT 
A system for sensitive defect-selective (photo)etching of GaAs, the 
socalled 'DC(L)1 system, has been developed. Kinetics and morphology of 
etching are studied as a function of etchant composition for different 
crystal orientations and dopant types. On {lll}Ga-surfaces etch rates are 
low and crystallographic pits related to dislocations are formed. On {001}, 
{110} and {lll}As orientations, defects are revealed as hillocks or ridges 
during etching. Illumination increases both etch rates and 
defect-sensitivity for all orientations and dopant types. A comparison of 
this system with the recently studied CrOo-HF etchants shows that a similar 
mechanism of etching is operative in both systems. An application of this 
etching system for in-situ observations is shown. 
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1. INTRODUCTION 
Solutions prepared from hexavalent chromium salts, such as CrOo and 
KpC^O-y, have become increasingly important for defect-selective etching of 
GaAs (I-5)· Recently, the so-called DSL-system (which stands for Diluted 
Sirtl-like etchants with the use of Light) was developed for GaAs (Ц,6). It 
was shown that this system, which is based on CrOo and HF, could reveal 
different types of defects m various III-V compounds after very shallow 
(photo-) etching (7,8). Therefore, these etchants are well suited for study 
of epitaxial layers and for sequential-etching applications (8). 
Commonly used etchants, such as AB(1), Schell(9), RC-l(lO), and molten 
KOH(ll), are only useful for reliable defect-revealing on specific 
orientations and under well-defined conditions. In particular, temperature 
and composition-control were often found to be highly critical (e.g.12). In 
this work, we present results obtained with the so-called DC(L)-system, 
which is based on CrOo-HCl solutions in various compositions and used at 
room temperature. In this notation 'L' designates that light was used 
during etching. Kinetic and morphological aspects of GaAs-etchmg are 
presented as a function of etchant composition for different orientations 
and dopants, both in the dark and under illumination. It is shown that 
these etchants can be used for reliable defect-selective etching of all 
low-index planes. The mechanism of etching will be discussed qualitatively 
by comparison with the previously studied DS(L)-system (13-15)· 
Currently used expressions, such as selectivity and sensitivity of 
etching, are defined in previous work (Ί,12,15)· 
2. EXPERIMENTAL 
Horizontal-Bndgman (H.B.) and L.E.C, grown samples used in this study 
were supplied by different manufacturers. Their specifications were: 
1. η-type, silicon doped with carrier concentrations varying from 1-3x10'· 
cm"3; orientations: {001}, {llljAs and {lll}Ga; 
2. semi-insulating (s.i.), chromium doped; orientations {001}, {110}, 
{lll}As and {lll}Ga; 
3. p-type, zinc doped with a carrier concentration of 10l • cm J; 
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orientation {001}. 
Except for the {lll}Ga face, misorientation was found to have no measurable 
influence on the etching results. Samples were first mechano-chemically 
polished and degreased in chloroform and aceton baths. If residual work 
damage was present, 5-10 um were successively removed by anodic polishing 
in a 0.5 M EDTA electrolyte (16) or by a chemical etch in a H2SO4/H2O2/H2O 
(by vol. 5:1:1) solution at 600C. Before use, the oxide on anodically 
polished samples was first removed in а Ц% HCl-solution. All samples were 
rinsed extensively with dust-filtered, deionized water. Finally, they were 
blown dry in a clean ^-stream. 
The etchants were prepared from 33 wt % CrOo (4.3 mol/liter) and 37 wt 
% HCl (12.1 mol/liter) solutions and water. Chemicals, of analytical 
quality, were supplied by different manufacturers. Concentrations are 
expressed in moles/liter (M). 
As illumination sources а 25О W halogen lamp or a 632.8 nm He-Ne laser 
were used. The halogen lamp is most suited for etching large surface areas, 
whereas the laser is more suitable for local photo-etching. To avoid 
heating effects during etching by infrared-radiation, the light from the 
halogen lamp was passed through a water filter. From a model presented by 
Carslaw and Jaeger (I7) it was calculated that heat effects due to light 
absorption in the GaAs crystal are not important. Illumination intensities 
were varied by using neutral density filters and varying the beam diameter. 
All intensities were measured with a radiometer (EG&G ^50-550) and 
corrected for 30# of reflection losses at the air-liquid and liquid-solid 
interfaces. 
Generally, samples were etched for 2 minutes without stirring. Longer 
etching times were used in cases where etch rates were low and where it was 
necessary to determine steady state dissolution rates in 
diffusion-controlled etchants. The etch depth was determined with a step 
profiler by measuring the height difference between the etched surface and 
a part of the surface which was covered with a resist during etching. Etch 
rates were found to be reproducible to within 10%. 
The surface morphology after etching was studied with 
interference-contrast, Nomarski double-beam interference and 
scanning-electron microscopy. In-situ observations were made with a 
high-sensitivity video camera in an optical-reflection microscope system as 
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described in (l8). 
3. ETCHING RESULTS 
3.1. WORKING REGIONS 
Not all CrOn-HCl solutions can be used for reproducible etching of GaAs. In 
the ternary composition diagram for the CrCU-HCl-f^O system three main 
regions of etchant composition can be discerned (fig.l). Solutions from 
region I do not etch GaAs: etch rates were found to be lower than 0.01 
um/min. Solutions from region III were brown in color. These etchants age 
rapidly, as etch rates were found to decrease strongly within a few hours 
after preparation. Additionally, surfaces became rough during etching and 
showed hillocks typical of bubble formation in solution (18). This 
behaviour must be explained by oxidation of CI to CI2 by Cr (19)· 
Solutions from composition region IIb are also unstable, but on a longer 
43 Cr03 
н2о 
[НСОССгОз] 
12.1 HCl 
Fig.l: Ternary composition diagram for the СГО3-НСІ-Н2О system, showing the 
different working regions. Some lines of constant [HCl]/[CrO,] ratio's are 
included. For explanation: see text. 
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time scale. Therefore, these are suitable for etching of GaAs when freshly 
prepared. Etchants from region IIa did not age and are, therefore, most 
suited for etching of GaAs. 
The mixing order in preparing the etchants is critical in most cases; 
concentrated solutions rapidly age (fig.l) and should, therefore, not be 
used as a starting point. Instead, either the concentrated HCl or the CrOo 
solution should first be diluted. Subsequently, the other component can be 
added. 
In HCl solutions which were saturated with CI,, GaAs crystals were 
found to dissolve at a rate of 0.06 um/min due to chemical etching of the 
semiconductor surface as in bromine solutions (20). This value is low 
compared to etch rates generally measured in this work. Additionally, CI2 
concentrations are expected to be far below saturation in all practical 
cases.Therefore, the effect of this chlorine etch is neglected in the 
discussion of DC(L)-etching kinetics. 
3.2. ETCHING OF {001} GaAs 
3.2.I. Kinetias 
Dark. The results of a large number of etching experiments on n-type 
{001} GaAs in the dark are presented in a ternary composition diagram with 
contour lines for constant etch rates (fig.2). In region I (fig.2), etch 
rates are zero (<0.01 um/min). On the basis of the diagram of fig.2, two 
main composition ranges for etching can be delineated, viz. solutions with 
relatively high and with relatively low [НС1]/[Сг0т] ratios. In these 
ranges, etch rates depend on [CrOo] and [HCl], respectively, as the contour 
lines are parallel to the HpO-HCl and Н2О-СГО0 axes, respectively. 
For solutions with relatively low [HCl]/[CrOo] ratios, the following 
observations were made: 1. The etch rate was constant in time (fig.3a) and 
2. did not change upon stirring; 3· typical etch-profiles after etching 
were rectangular and did not show the so-called "negative crown profiles" 
(15) (insert fig.3a); 4. the etch rate was zero for HCl-concentrations 
below -2 M and increased superlinearly with [HCl] for higher concentrations 
(fig.^a). From these observations we conclude that the etching process is 
determined by surface kinetics in the composition range under 
consideration. For the lowest etch rates, the contour lines deviate 
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СгО-, 
12.1 HCl 
Fig.2: Ternary composition diagram for the CrCb-HCl-I^O system with contour 
lines for constant etch rates on n-type {001) GaAs in the dark. Etch rates are 
indicated in um/min. 
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Fig.3: Etch depth (ρ) on {001} n-type GaAs as a function of time for solutions 
containing 1.1 M CrO^, 3-0 M HCl (a) and 0.18 M CrOj, 5.6 M HCl (b) in the dark 
In the inserts typical profiles after etching in these solutions are shown. 
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Fig.U: a. Dark etch rates (vj) as a function of HCl-concentration for {001} 
η-type GaAs in solutions with a relatively low [HCl]/[CrO,] r a t i o , b. Steady 
s t a t e etch rates (v) as a function of CrO,-concentration for {001} GaAs in 
solutions with a re lat ively high [HCl]/[Cr0,] r a t i o . Also, some data measured in 
Cr03-HF solutions with a high [HF]/[CrO,] ra t io (13,15) are included (o). 
s l ight ly from the exact para l le l behaviour ( f ig .2). Therefore, the etch 
rate must also depend to some extent on [CrOo] in these solutions. This 
causes the re lat ively large scattering of data points in fig.^a for low 
etch r a t e s . 
For solutions with relat ively high [HCl]/[Cr0·,] ra t ios , the following 
etching character is t ics were observed: 1. The steady s tate etch rate was 
lower than that observed at shorter times. This can also be concluded from 
the grading slope in fig.3b; 2. the etch rate strongly increased upon 
s t i r r i n g ; 3- after etching negative crown profiles were observed (insert 
f ig.3b). These are due to a higher etch rate near the (res is t) edges; Ί . 
the steady s t a t e etch ra tes , as measured after 10 min. of etching, depended 
l inearly on [CrOo] and were the same as those observed for CrCb-HF 
solutions with high [HF]/[Cr0,] rat ios (fig.'tb) (13.15). From these 
observations, we conclude that the etching kinetics in th i s composition 
range are limited by mass-transport of Cr in solution (15). 
Both p-type and s . i . GaAs showed the same etching character is t ics as 
η-type material and etch rates only differed s l ight ly (f ig.5a). Therefore, 
i t i s concluded that the etching kinetics are independent of dopant type. 
Illumination. Under illumination, the same etching characterist ics as 
described above for the dark were observed and a similar division in two 
composition ranges could be made in a ternary diagram. For solutions from 
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2.15 M 
vol. ratio 
Fig.5· Etch rates (v) on {001} GaAs as a function of volume mixing ratio of 
6.05 H HCl and 2.15 M CrOo solutions. Data are included for n-type, p-type and 
s.i. material, a:dark; b: under 120 mW/cm halogen illumination. 
the kinetically-controlled composition range, etch rates increased strongly 
under illumination (fig.5). At low light intensities, etch rates in these 
solutions strongly depended on the intensity used. At higher intensities, 
saturation occurred and constant etch rates were observed. In the 
measurements used to plot fig.5b, intensities from the saturation range 
were employed. It can be observed in fig.5 that solutions from region I in 
fig.l and 2, which did not etch GaAs in the dark, also did not show a 
measurable etch rate under illumination. For diffusion-controlled etchants 
with high [HCl]/[Cr0o] ratios, the steady state etch rates were found to be 
the same in the dark and under illumination. Etch rates measured after two 
minutes of etching, however, were found to increase when light was used 
(fig.5). This is due to the fact that at shorter times when the diffusion 
boundary layer has not yet been established, the etching process still is 
determined by kinetics to some extent. 
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3.2.2. Surface morphology after etching 
During etching of {001}GaAs in CrOo-HCl solutions from composition 
region II (fig.l), defects were revealed. The etch figures for a large 
number of crystals were compared with those obtained in the calibrated AB-
and DS(L)-systems (4,6). Selectivity, sensitivity and shape of defects 
revealed on {001}GaAs after dissolution were found to be similar for the 
DC(L) and DS(L) systems. A typical example is shown in fig.6. Defects 
observed include dislocations from different glide systems, both grown-in 
and stress-induced, lamellar twins, stacking faults, growth striations, 
surface work damage, micro-precipitates and grain-boundaries. All defects 
were revealed as hillocks or ridges on the surface. Sometimes, shallow pits 
were observed. These are thought to be related to inclusions, which were 
removed from the matrix as a whole. The highest defect sensitivity was 
obtained for solutions with relatively low [HCl]/[CrOo] ratios, i.e. from 
the kinetically-controlled composition range. As expected, defect 
sensitivity was poorer for diffusion-controlled CrO^-HCl solutions. 
Illumination strongly increased the defect sensitivity, but did not 
influence the number of defects revealed. In table 1, minimum etch depths 
are given which were found to be necessary to reveal clearly all 
crystallographic imperfections in the dark and under 100 mW/cm2 halogen 
illumination. The values given in the table should be regarded as an 
order-of-magnitude estimate. An interesting phenomenon is that illumination 
strongly affects both p-type defect-sensitivity and kinetics in the present 
system, whereas no influence of light on etching of p-type crystals was 
observed in СгОт-HF solutions. 
3.3. ETCHING OF {111} AW {110} GaAs 
3.3·!· Kinetics in the dark and under illvmination 
In fig.7 etch rates of η-type and semi-insulating {lll}As, {001} and 
{lll}Ga-oriented and semi-insulating {110}-oriented GaAs are presented as a 
function of etchant composition, both in the dark (fig.7a) and under 10 
mW/cm2 laser illumination (fig.7b). For solutions with relatively low 
[НС1]/[Сг0т] ratios, etch rates in the dark and under illumination are 
observed to decrease as follows both for s.i. and η-type crystals (fig.7): 
{lll}As > {110} > {001} >> {lll}Ga 
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Fig.6: Interference-contrast micrographs after etching 0.5 um from the surface 
of two adjacent parts of an n-type (001} GaAs crystal under halogen illumination 
in a: 0.48 M CKU, 2.7 M HCl and b: 0.40 M CrOj, 0-51 M HF. S=striation; 
D=dislocation perpendicular, inclined or parallel to the surface. 
(b) illuminated 
СгОз 
2.15 M 
vol.ratio vol.ratio 
Fig.7: Etch rates in the dark (v^ ) and under 10 mW/cm laser illumination (v^ ) 
as a function of volume mixing ratio of 6.05 M HCl and 2.15 M CrO, solutions. 
Included are data obtained on {lll}As, {001} and {lll}Ga oriented crystals, both 
η-type and s.i.. and {110} s.i. GaAs. 
The same relation was found when light intensities from the saturation 
range were employed. From fig.7 it can be concluded that for all 
orientations, except {lll}Ga, etch rates are similar for silicon and 
chromium doped material. 
For solutions with high [HCl]/[Cr0o] ratios, the steady-state etch 
rates were the same for {lll}As, {110} and {001} orientations, both in the 
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dark and under illumination. This is again indicative of a 
diffusion-controlled process. Note that etch rates used to plot fig.7 were 
obtained after 2 minutes of etching. Therefore, they were still determined 
to some extent by kinetics (fig.3b) and were not exactly the same for all 
orientations. 
Dissolution of the {llljGa surface was found to be strongly inhibited 
in the dark for both η-type and s.i. material, and for s.i. GaAs under (10 
mW/cm2) Не/Ne laser illumination. Maximum etch rates measured for these 
cases were 0.04 um/min, <0.01 um/min and 0.01 um/min, respectively. For 
η-type {lll}Ga-oriented crystals under illumination, the etching kinetics 
were comparable to the other orientations studied (fig.7b), though etch 
rates were still relatively low. 
3.3.2. Surface morphology after etching of {111}Лз and {110} GaAs 
Defect patterns obtained during etching of {lll}As- and {110}-oriented 
crystals showed the same characteristic features as those obtained on 
{OOljGaAs. In order to compare the defect sensitivity, different 
orientations of a Cr-doped crystal were etched, both in the dark and under 
illumination. Table 1 shows, that the same amounts of material had to be 
removed to reveal clearly defects on {001} and {lll}As surfaces. For {110} 
crystals the defect-sensitivity was found to be higher (table 1). 
On η-type {lll}As GaAs sometimes small triangular pits were found in 
addition to the normal etching pattern. Sequential etching experiments with 
the RC-1 etchant (10), which produces crystallographic pits on dislocations 
on the {lll}As surface, showed that these small pits formed during 
DC(L)-etching were not related to dislocations. Most probably, they were 
caused by micro-precipitates in the matrix, but their exact nature is not 
understood. 
3.3-3. Surface morphology after etching of {llUGq GaAs 
Triangular pits were observed on both semi-insulating and n-type 
{lll}Ga (Ю.г 0) oriented GaAs, after removal of only 0.01-0.05 um from the 
original surface in a CKK-HCl etchant (fig.8). Calibration with the 
Schell-etchant (9,1) and molten К0Н at 300°С (11) showed that all pits 
formed after DC(L) etching corresponded to dislocations intersecting the 
surface. Comparison with DS(L) etch figures showed, that for a large 
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light 
dark 
n{001) 
0.1-0.4 
0.5-3 
s.l.UlDAs-
s.i.iOOI) 
0.3-1 
1.5-7 
s.i.(110) 
0.1-0.4 
0.7-4 
píOOl) 
0.3-1 
0.7-4 
Table 1: Defect sensi t ivi ty for GaAs etched by DC(L). Indicated are the amounts of 
material which have to be removed from the original surface (in um) to reveal 
defects in various GaAs crystals . At the lower l imits , defects s tar t to be v is ib le ; 
at the higher limits the contrast is good enough to make pictures of the microsco-
pic (interference contrast) image. As illumination source a halogen lamp was used 
with a power of 100 mW/cm2 at the crystal surface. 
Fig.8: Pit formation on {lll}Ga surfaces: a. 0.05 um removed from a Cr-doped 
sample in 0.5^ M CrOo, 4.5 M HCl under illumination. The insert shows the exact 
crystallographic orientation of the p i t . The arrow indicates a non-symmetrical 
p i t . (Double beam Nomarski micrograph, A=548 nm) ; b: 3 um removed from a 
Si-doped sample in О.36 M CrOo, 5·0 M HCl under illumination. The 'd ' indicates 
a dislocation paral le l to the surface; ' r ' a ridge inside a p i t ; growth 
s t r ia t ions are also observed, (interference contrast micrograph) 
variety of H.B. and L.E.C, grown materials both stress-induced and grown-in 
dislocations were revealed (6). Stress-induced dislocations of the 60° type 
which were not decorated, however, did not form p i t s after DC(L) etching, 
in contrast with the Schell-etchant. Therefore, some care should be taken 
when evaluating the dislocation density by measuring the etch p i t density 
after DC(L)-etching. 
The p i t s are delimitated by well-defined crystallographic <112> 
directions (insert of f ig.8a). This was determined by comparison with p i t s 
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obtained after Schell Eind КОН etching. The walls of the pits are not low 
index planes. Macrosteps were often observed in the pits. In previous work 
(12) it was shown by in-situ observations that macrostep formation is 
caused by micro-precipitates along the dislocation line. In some cases, the 
centre of the pit was found to be steeper than the residual part. This can 
be attributed to rapid removal of such micro-precipitates (12). 
Dislocations which were not perpendicular to the surface formed 
non-symmetrical pits (fig.8a). From the displacement of the geometrical 
centre of the triangular etch figure with respect to the bottom of the pit 
(Δ) and the depth of the pit (D), the inclination of the dislocation with 
the surface can easily be calculated (fig.9). 
surface ^д 
\dislocation 
Fig.9; Etch pit of an inclined dislocation on a {llljGa surface. For explanation 
of symbols: see text. 
For the s.i. crystals used in the present work, the inclination angle 
of the pit walls with respect to the original {lll}Ga surface was found to 
be approximately constant (20°±3")· This value was not influenced by 
СгО-3-HCl etchant composition, both in the dark and under illumination, and 
was virtually independent of pit size and etch depth from the original 
surface. The width of the pits, however, varied considerably (fig.8a). The 
shape of the etch pits can be described with a model first presented by 
Ives and McAusland (21). Following this model, the above results lead to 
the conclusion that the lateral etching component in the pit (v ) was rate 
limiting for the dissolution process in the pit. The large differences pit 
width and .therewith, in ν observed for different dislocations can be 
attributed to differences in their Cottrell atmospheres (12). This was 
confirmed by DSL-photoetching, which can distinguish between pure and 
decorated dislocations (22). 
During prolonged etching for up to 30 min., the surface of a s.i. 
crystal remained completely smooth between the pits (fig. 8a). In contrast, 
η-type crystals revealed growth striations and dislocations lying parallel 
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to the surface (fig. 8b). Additionally, for this material ridges were often 
found in etch pits , especially in those which were non-symmetrical. 
Evidently, two different mechanisms of defect-selective etching are 
operative in this case. This will be discussed in the next paragraph. On 2° 
misoriented {lll}Ga faces of a Cr-doped sample similarly some hillocks and 
ridges were formed in addition to triangular pits. This is attributed to 
mixed behaviour of the crystallographically non-pure {lll}Ga surface. 
As etch rates can easily be controlled by selecting the proper etchant 
composition, accurate control of pit sizes is possible at room temperature. 
This is an important advantage of this system over the Schell-etch, which 
also forms crystallographic pits on {lll}Ga-faces. Here, control of etching 
parameters is extremely critical for the surface morphology of the etched 
surface and the sizes of the pits. 
3.4. IN SITU OBSERVATIONS 
CrOo-HCl solutions are ideally suited for miroscopic in situ 
observations of the surface during (photo-)etching. One of the advantages 
of the DC(L)-system is that etch rates can easily be controlled by 
selecting the proper etchant composition. Additionally, the solutions are 
easy to handle and to prepare. 
In situ observation of a dissolving surface can be an important tool 
IPO pm 
(а) (Ь) (О 
Fig.10: Three stages of DCL-etching of β strongly bend dislocation, which 
intersects the surface at two points. The pictures are taken from a video 
recording of a dissolving {lll}Ga face from a Si-doped GaAs crystal. The 
drawings schematically show a cross-section situation. Symbols: p=pit; 
s=surface; d=dislocation. 
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in the study of fundamental etching characteristics, such as nucleation and 
development of etch figures on defects, step-propagation, step-poisoning by 
impurities (23). Additionally, the origin of morphological features 
observed after etching can be studied (e.g. 18). As an example, in fig.10 
pictures made from an in-situ video recording of the dissolution of a 
Cr-doped, {lll}Ga-oriented, GaAs crystal are shown. The pictures show 
different stages of etching of a curved dislocation, which intersects the 
surface at two points. In fig.10b they merge together and a single 
flat-bottomed pit is formed (fig.10c). This pit disappeared after prolonged 
etching, as the source for formation of steps, i.e. the dislocation, was 
removed from the crystal. 
4. DISCUSSION 
4.1. MECHANISM OF ETCHING 
Recently, the mechanism of etching of {001}GaAs in CrOo-HF solutions 
was studied in detail (13-15)· A model was presented, which explained 
kinetic, electrochemical and morphological characteristics of this etching 
system. The present results will be briefly compared with those obtained 
for the DS(L) system and examined on the basis of the model. 
The essence of the model is that during etching a monolayer containing 
Cr and Cr is formed on the semiconductor surface. This adsorption 
layer forms upon partial reduction of the electroactive chromium(VI) 
species in solution and prevents the solid from further oxidation. The film 
can be removed by reaction with surface state intermediates of the 
GaAs-oxidation reaction, with the aid of HF. At high [HF]/[Cr0o] ratios, 
the fraction of the surface covered with the film, Θ, is low. Reduction of 
СгО-з and GaAs dissolution can proceed unhindered and are only limited by 
mass-transport of Cr in solution. At low [НР]/[Сг0о] ratios, θ is high. 
The etching process is kinetically limited by removal of the surface film. 
For dissolution of {001}GaAs in CrOo-HCl solutions in the dark, the 
kinetic and morphological features are very similar to those of the DS(L) 
system. These include two composition ranges which are characterized by 
diffusion of CrOo and surface kinetics, respectively; etch rates are 
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largely independent of semiconductor type; all defects are revealed as 
hillocks or ridges on the surface. Additionally, the current-potential 
plots of an η-type electrode in CrOo-HCl solutions showed the same 
characteristic shape as in CrOo-HF solutions (13)· From this we conclude 
that the model proposed for etching in the latter solutions, in principle, 
also can explain the dissolution characteristics of {001}GaAs in the 
present system in the dark. This includes the explanation of 
defect-sensitivity and surface morphology after etching (15)· 
Both etch rates and defect-sensitivity were strongly increased when 
light was used during etching of an η-type crystal in CrOo-HCl and CrOo-HF 
solutions from the kinetically controlled parts of the composition 
diagrams. This was explained for the DSL-system by assuming a recombination 
mechanism involving surface state intermediates from the GaAs oxidation 
process. This leads to an increase in the concentration of activated states 
at the surface, which participate in removal of the film. For the present 
DCL-system a similar mechanism can be assumed to explain the etching 
behaviour of η-type GaAs under illumination, since the increase in both 
etch rates and defect-sensitivity is similar to the DSL-system. In contrast 
to CrOn-HF solutions, however, in the present system illumination increased 
both the etch rates and defect sensitivity of p-type crystals. The 
mechanism for this photo-effect is not understood at present and must be 
subject to further investigations. 
The etching kinetics of CrOo-HCl solutions were found to be 
anisotropic. Measurements of etch rates as presented in fig.7. however, 
indicate a similar dependence of the kinetics on etchant composition for 
all orientations. Except for {lll}Ga faces, the surface morphology after 
etching was found to be independent of the orientation. The 
defect-sensitivity varied slightly (table 1). Current-potential plots of 
η-type electrodes showed the same characteristic shape for {lll}As and 
{001} orientations, though current densities varied markedly. In the dark, 
a {lll}Ga oriented η-type GaAs electrode was found to be strongly 
passivated in CrOo-HCl solutions. From the above, we conclude that 
dissolution of all orientations is again governed by formation and removal 
of a passivating film on the surface during etching. Regarding the large 
differences in etch rates and current densities in the electrochemical 
measurements, however, values for rate constants of the different reaction 
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Steps in the etching process (1Ί) must be orientation dependent. 
4.2. MORPHOLOGY OF {lll}Ca FACES 
The arguments presented to explain the morphology of {001}GaAs after 
DS(L)-etching (15). can also be applied to explain the present DC(L) 
results on different orientations, with the exception of {lll}Ga. On this 
face, the dislocation outcrop always produces a pit. As was shown 
previously (24), dislocations intersecting the {lll}Ga face form pits in 
various etchants and, therefore, may be considered to be especially 
unstable. In the present СгОэ-HCl solutions, the {lll}Ga face is strongly 
passivated and the surface coverage with the film is high as compared with 
the other orientations. Therefore, a pit formed on a dislocation on the 
{lll}Ga surface can develop: the faces in the pit dissolve more rapidly 
than the original surface. For solutions which did not etch the original 
surface at all, no pits were formed. Full surface passivation prevents pit 
formation. Pits which were already formed cannot develop further under 
these conditions, as complete surface passivation sets in for almost the 
same solution composition for all orientations (fig.7): both the original 
surface and the faces in the pit have zero etch rates. 
On η-type {lll}Ga surfaces growth striations were revealed during 
DC(L) etching (fig.8b). Since it was concluded that, in principle, the same 
etching mechanisms is operative for all faces, revealing of growth 
striations also must occur via the same mechanism as described before (15). 
Dislocations which were inclined to the surface formed non-symmetrical 
pits, in which ridges were often observed (fig.8b). This phenomenon can be 
explained by the influence of a dislocation and its Cottrell-atmosphere 
which are located near the surface. The effect is illustrated for the 
illuminated case in fig.11. Light is absorbed in region "a" in fig.11 and, 
consequently, etch rates are increased (fig.7)· Increased recombination in 
the defect region ("d" and "c"), however, causes a decrease of the net 
photo effect locally. The effect is expected to be especially strong in the 
regions where photocarriers are very efficiently removed by recombination 
on the dislocation ("d") (25) on one of the pit-faces. This results in a 
smaller increase of the dissolution rate as compared with the undisturbed 
areas (15). Similarly, ridges which were formed on these {lll}Ga-oriented 
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light 
l i l i l í 
a 
Fig 11 Illustration οΓ ridge formation in β non-symmetrical pit 'a' indicates 
the light absorption region, 'c' the Cottrell atmosphere of the dislocation d 
for explanation see text 
crystals can be attributed to dislocations lying parallel to the surface. 
5. CONCLUSIONS 
Within a ternary composition diagram of СгОт.НСІ and H2O, a region 
suitable for defect-selective etching of GaAs was assigned. On {001}, 
{lll}As and {110} oriented GaAs, crystallographic defects were revealed as 
hillocks or ridges after shallow DC(L)-etching. The highest sensitivity was 
obtained when crystals were illuminated during etching and when solutions 
with relatively low [HCl]/[Cr0o] ratios were employed. In these solutions, 
etching was found to be controlled by surface kinetics. In etchants with 
high [HCl]/[Cr0n] ratios, dissolution of the semiconductor is controlled by 
mass-transport of Cr in solution. 
In the dark, etch rates on {lll}Ga were found to be approximately 
zero. During etching, nearly all dislocations were revealed as 
crystallographic pits on the surface. Some characteristics of the shapes of 
these pits were explained in terms of the structure of the defect region. 
On η-type {lll}Ga surfaces also growth-stnations were revealed and some 
ridges were formed. The latter were shown to be caused by dislocations, and 
their Cottrell atmospheres, which were parallel or inclined to the surface. 
Light had only a minor influence on the Cr-doped crystals, but strongly 
increased the etch rate of η-type {lll}Ga material. 
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Kinetic, morphological and some electrochemical characteristics of the 
СгО-э-НСІ etchants showed that for all orientations the etching process 
proceeds by a similar mechanism as in the extensively studied CrCU-HF 
solutions. The main feature of this mechanism is formation and removal of a 
passivating, chromium containing, adsorption layer on the semiconductor 
surface. 
From a practical point of view, the DC(L)-etching system has some 
important advantages: 
- Etch rates can be accurately controlled (at room temperature) by 
selecting the proper etchant composition; 
- Local photo-etching with a laser is possible, since etch rates are much 
higher under illumination than in the dark; 
- It does not contain HF, which also makes the system very suited for 
in-situ observations; 
- {111} faces can be easily distinguished; assesment of crystallographic 
directions on {lll}Ga can rapidly be performed; 
- A high defect-sensitivity is obtained. 
Combined with some other above mentioned features, this makes the system 
very suited for defect-revealing on both epitaxial layers and bulk 
material. 
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PART II 
POINT DEFECT STUDIES IN 
BULK GaAs 
CHAPTER 7 
PHOTOLUMINESCENCE STUDIES 
OF DEFECTS AND IMPURITIES 
IN ANNEALED GaAs 
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PHOTOLUMINESCENCE STUDIES OF DEFECTS AND IMPURITIES IN ANNEALED GaAs 
ABSTRACT 
Photoluminescence studies have been performed on undoped and silicon doped 
GaAs crystals, which were annealed between 650° and 1000°С under different 
arsenic pressures. Samples were also heat treated with the addition of pure 
elemental Ga, Mn or Cu. Spectra were taken in the energy range 1.15-1.55 eV 
at the surfaces of the annealed crystals and at various depths below the 
surface. Newly observed zero-phonon emissions at 1.31 eV and І.З'*? eV are 
concluded to be related to CUQ
а
-( д
s
)2 and C U Q
а
- д
s
, respectively. An 
emission at 1.467 eV also was found to be related to a CuQ
a
-containing 
complex. A new emission at 1.342 eV was found to be related to a fast 
diffusing MnQ -containing complex. Most likely, the emission originates 
from a Mn. centre. The nature of these defects is discussed on the basis 
of their emission characteristics, diffusion behaviour and dependence on 
annealing parameters. Through this study it appeared that arsenic vacancies 
play a crucial role both in the establishment of defect equilibria and in 
the formation of complexes with Мпд and CUQ«. A new luminescence peak at 
1.448 eV was found to be related to another defect involving д 3. Most 
probably, it has to be associated with the Садд antisite defect. The 
presence of arsenic vacancies also induces a shift of the 1.492 eV emission 
to 1.484 eV. This is attributed to the replacement of C A s by Si A s 
acceptors. Some evidence was found for a VQ -related peak at I.38 eV. It is 
concluded that solid state equilibrium of native defects and impurities is 
only established at the surfaces but not in the bulk of the crystal during 
the heat treatments. 
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1. INTRODUCTION 
In the last decade many studies have been performed to investigate the 
behaviour of GaAs during heat treatment (e.g. 1-5)· This was done both from 
a fundamental point of view, to gain insight in the material properties and 
its defect chemistry, and from a technological point of view, to improve 
device processing. Anneal studies of GaAs are, however, complicated by the 
presence of impurities in the experimental system (see e.g. 5i6), which 
often diffuse into the crystal at a much higher rate than native defects 
which are formed at the surface (7)· Since time constants to achieve 
thermodynamic equilibrium in bulk crystals are large, foreign elements can 
play an important role. Photoluminescence (p.l.) is one of the easiest and 
most sensitive techniques to study the defect chemistry of III-V materials. 
Some impurities, such as copper, show very high p.l. efficiencies and may 
consequently complicate the interpretation of the spectra. 
In this study it is shown that by systematically varying temperature 
and arsenic pressure during the heat treatment, many interesting 
conclusions can be drawn concerning the (native) defect chemistry and 
origin of p.l. emissions. A key factor in the interpretation of results 
will appear to be the study of diffusion profiles. 
Since no data are available on total recombination rate and efficiency 
of radiative decay for the different p.l. centres, no quantitative 
conclusions concerning concentrations of defects can be drawn from the 
present p.l. study. All results will therefore be presented and discussed 
qualitatively, and, in some cases, semi-quantitatively. 
2. EXPERIMENTAL 
Annealing experiments were performed on two different GaAs materials 
grown by the horizontal-Bridgman (HB) technique, viz.: 
1. undoped, η-type with a carrier concentration of 2x10 cm -', room 
temperature (R.T.) mobility 4300 cm2/Vs; according to the specifications 
of the manufacturer (M.C.P.), the silicon content of this material is of 
the order of 10 cm~3. other impurities are present in concentrations 
less them the mass spectrographic limits of detection, viz. Cr, Mn, Cu, 
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Fe, below -10 -> and S, Mg below 10 спГЛ respectively; 
2. silicon doped, η-type with a carrier concentration of -10 cnT^, R.T. 
mobility 2000 cm2/Vs. 
Ampoules were prepared from different sources of quartz with a relatively 
low copper content (see results section). In some cases pure synthetic 
'Suprasil'-quality quartz from Heraeus was used with a total metal impurity 
content below 1 ppm and a copper content of -4 ppb. Since this material did 
not alter the results significantly, generally 'Heralux'-quality from 
Heraeus was used. The latter material had a total metal impurity content 
below -20 ppm, with Al as main contaminant (10-20 ppm), and a copper 
concentration below -70 ppb. 
Before use, ampoules were successively degreased, etched with an 
HF/HNO3/H2O (by vol 1:1:5) solution and treated for 24 hrs with a basic 0.1 
M KCN solution. After extensive rinsing with ultra high purity (U.H.P.) 
water (conductivity <-0.1 uSiemens), the ampoule was evacuated to 10 _" atm 
at 400°С for several hours, heated in a hydrogen flame and after this 
filled with U.H.P. nitrogen or argon gas. GaAs samples were first degreased 
and received a 4 wt % HCl-dip. Then 10 um were etched from the original 
surface in а ^ЗОц:H2O2:^0 (by vol 5:1:1) solution at бО'С. Successively 
they again received an HCl dip, were rinsed in demineralized isopropanol 
and blown dry in a nitrogen glovebox. This procedure was followed in order 
to minimize native oxide formation on the GaAs crystal. All chemicals were 
supplied by Merck and were of analytic ('p.A.'-) quality. The ampoules were 
filled inside the glovebox, evacuated to IO -" atm and sealed. They were 
prepared, heated and sealed using a quartz burner with a hydrogen flame. In 
all annealing experiments described in this study samples were embedded in 
GaAs powder, prepared from an adjacent part of the crystal under study. The 
powder represents a large surface area and therefore should rapidly provide 
a vapour pressure in the ampoule. It was also found to have a gettering 
effect on impurities. The face of the GaAs crystal directed towards the 
powder was considered to be most important in the evaluation of the 
results. Sample thicknesses were 300-350um. 
To vary the arsenic pressure during the heat treatment, 99.9999$ pure 
oxide free, arsenic was added to another part of the ampoule. Both arsenic 
and GaAs crystals were kept at fixed but different temperatures, controlled 
within ±10C (fig.l). Arsenic pressures were obtained from the 
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Ga As powder 
arsenic 
(£ 
JGaAs crystal 
AMPOULE 
- T 2 
T i - TÎ 
FiR.l: Schematic drawing οΓ the annealing configuration with the temperature (T) 
profile in the ampoule. T.'temperature solid arsenic; T2=anneallng temperature. 
Both are independently controlled. 
pressure-temperature (P-T) relation given in (8). In some experiments other 
pure elements were added as desired. These were of 99·99% (Μη ana Си) and 
99-9999% (Ga) purity, respectively. The furnace used for the heat 
treatments was continuously purged with a 1 liter/min gasstream of 2% HCl 
in H2· This was done to avoid impurities from the furnace system, which 
were proven to be of major importance in silicon heat treatments (9)· After 
annealing, the crystal was rapidly quenched in liquid nitrogen and stored 
at R.T.; storage at 77K was found not to influence the results. 
Photoluminescence measurements were performed using the 51^·5 nm line 
of a continuous Argon laser as excitation source. Its intensity was varied 
between 0.3-25 W/cm2. Spectra shown in this work were all recorded with an 
intensity of 3"5 W/cm'. P.l. signals were detected using a photomultiplier 
with S-l response and corrected for the detector sensitivity. Generally, 
p.l. spectra were recorded at Ц.2K. In some cases, the temperature was 
varied from 2K to R.T.. Diffusion profiles were studied by successively 
etching the sample in a I^SOij/I^C^/fbO etchant. The etch depth was 
monitored by covering part of the surface with wax during etching. Height 
differences between the original and etched surface were measured with a 
step profiler. To compare the concentrations of a radiative impurity in 
different samples or at different etch depths, generally, its p.l. 
intensity relative to the bound excition (BX) line was considered (10). In 
these cases, it was checked that p.l. emissions were not saturated, i.e. 
that the relative intensities were independent of the excitation level. 
Occasionally, the BX emission was very small relative to other lines or 
absent. Here, the intensity of a p.l. emission was normalized relative to 
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the total spectrum intensity (11). 
In some cases Hall-measurements were performed, using the van der Pauw 
configuration. Carrier concentrations were routinely determined by 
capacitance-voltage (C-V) measurements. 
All results presented here were obtained from a large series of 
experiments and were found to be reproducible. Anomalous results were 
sometimes obtained, however. Annealing above -800°С often caused breaking 
up of the surface, which was accompanied by a strong decrease of p.l. 
intensity. Generally, however, removal of a few tenths of a micron from 
such a surface resulted in a large increase in emission intensity. These 
spectra were considered as surface spectra. The accuracy of most peak 
energies was ±1 meV. For weak emissions and for broad peaks in the strongly 
doped silicon samples, this value was ~±2 meV. For broad emissions 
involving recombination inside a defect-complex, this value was -±10 mev. 
The unresolved bound-exciton (BX) band at 1.512 eV was found to be constant 
and, therefore, was taken as a reference. 
3. RESULTS AND INTERPRETATION OF P.L. EMISSIONS 
The main p.l. lines which were detected in this work are given in 
table I. For the emissions which were already reported by other authors, 
the most probable identities of the responsible emission centres are 
included in the table. The acceptor related p.l. lines can be attributed to 
band-acceptor (e-A0) and donor-acceptor (D^A 0) recombinations. These were 
unresolved in the present work due to the relatively high impurity content 
of the crystals studied. This causes both a broadening of emission lines 
and a decrease in distance between (e-Α0) and (D0-A11) luminescence maxima 
(12,13). In the present work, acceptor related emissions generally shifted 
to slightly lower energies (-1 meV) for excitation intensities lower than 
those normally used. This can be attributed to saturation of long distant 
donor acceptor pairs with increasing light intensities, which caused a 
shift of (D0-A11) transitions to higher energies (13)· For excitation levels 
higher than those normally used, emission energies remained constant. 
Therefore, it is concluded that the acceptor related emissions detected in 
this work were dominated by the (e-A0) transitions (14). 
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P.l. energy (eV) 
1.512 
1.1(92 («L.O.) 
1.181» (»L-O.) 
1.1177 
1.1)67 
l.l»l(8 (tL.O.) 
i.i(06 (»тл.гь.о.) 
1.38 
1.356 (-^ L.O.) 
1.31(7 
1.3l»2 ('2L.0.) 
1.31 
1.27 
1.22 
Identity 
bound excitons (ВХ) 
CAs 
SlAs 
^Аз 
-
-
«"Ga 
-
C u G
a 
-
-
SlGa-CuGa 
SlGa-vGa 
Reference 
(12) 
(12) 
(12) 
(12) 
-
-
(3.21) 
-
(6,18) 
-
-
-
(17) 
(15) 
Table I¿ P.l. emissions at Ч.2К detected in this series of experiments. The 
second column gives the most probable identity of the centre responsible for the 
emission, the third column gives references to the identification. L.O. and T.A. 
phonon replicas are 36 and 9 ие from the zero-phonon line, respectively. 
In order to make the interpretation of the data more accessible, the 
results are presented in an unconventional way. First, annealing 
experiments of silicon doped crystals are presented. An important reason to 
include the results from these experiments was that they provided 
information on the impurity content of the experimental system. 
Successively, the results of heat treatments of undoped crystals with pure 
elemental copper and manganese added to the system are described, since 
both these elements are expected to be important impurities in heat 
treatments of GaAs (5.6). Finally, the main series of annealing experiments 
with undoped GaAs crystals in gallium and arsenic vapours is presented. 
3-1. AtiNEALING OF SILICON DOPED GaAs 
The spectrum of an unannealed silicon doped GaAs crystal (fig.2a) 
shows a broad emission around 1.U86 eV, which can be attributed to the 
unresolved Si acceptor recombinations (12). The position of the p.l. 
maximum has shifted to a slightly higher value than given in table I, due 
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/ A \ да 
. I . . . . . -' 
(a) 
SiAs 
І.Двб 
Л 
/ \ 
1.15 U 5 1.55 
P.I. energy (eV) —» 
1.30 
І r 
? Ι­
Ο) 
s> 
—•А 
α.' 
1.20 
Pt (b) 
10 
p(pm)- 20 
FiK.2: Annealing results for the silicon doped GaAs crystals. This sample was 
annealed for 16 hours at 6500C without addition of arsenic, a: p.l. spectra at 
Ц.2К before annealing (-) and the surface spectrum of the annealed crystal 
( ); b: position of the broad band emission at various depths (p) from the 
original surface of the annealed crystal. 
to the high concentration of impurities in this strongly doped material 
(13). A second broad emission is present at 1.22 eV (fig.2a). This is 
attributed to a recombination involving the VQ -Sio donor-acceptor complex 
(15,16). This spectrum is in accordance with those reported earlier for 
similar silicon doped material (15.16). 
These Si-doped GaAs crystals were annealed for l-^S hours at 400-800°С 
under different arsenic pressures up to 2 atm. On the unetched surface of 
the annealed crystal a shift of the broad emission to 1.27 eV was observed 
(fig.2a). The rest of the spectrum remained essentially unchanged. This 
change in p.l. emission can be attributed to copper indiffusion and 
formation of cUQa-SÍQa complexes (17)· 
Upon successive etching of the annealed crystals, the spectrum was 
found to change abruptly (within a few microns) to the spectrum of an 
unannealed sample. This is illustrated in fig.2b for a crystal annealed for 
16 hours at 650IIC without arsenic added. The depth from the original 
surface where this transition occurred (pt; fig.2b) depended on the 
experimental conditions. It varied approximately exponentially with 
temperature and as the square root of the annealing time, keeping other 
experimental factors constant. These included the quartz batch from which 
the ampoules were prepared and the arsenic pressure during the heat 
treatment. With an increase of the latter parameter, the transition 
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distance from the surface was found to decrease slightly. After annealing 
experiments in which pure elemental copper deliberately was added to the 
system and after longer annealing times (>2k hrs) at 800°С without Cu 
addition, the 1.27 eV emission was observed through the whole crystal. 
Then, a peak due to recombination involving free copper acceptors at I.36 
eV (18) was found. These results lead to the conclusion that despite the 
extensive precautions taken to avoid impurities, copper contamination still 
occured during heat treatment. Since the transition depth for the annealing 
effect varied strongly with the quartz batch used, the quartz used to 
prepare the ampoules must have been the main impurity source. 
The experimental observations as described above can be explained by 
trapping of interstitially diffusing copper (19) in VQ -Sin complexes, 
forming CuQa-SÌQa via: 
C ui + VGa-SiGa * CuGa-SiGa 
In this way, copper diffusion is strongly hampered since the CuQa-SiGa 
complexes are expected to be much less mobile than copper interstitials 
(19). The trapping process is limited by the supply of copper from the 
system, i.e. by the Cu-outdiffusion from the quartz. This explains the 
observed time- and temperature-dependence of the transition depth. The 
trapping of copper in the complexes should be fast and efficient in order 
to produce sharp diffusion profiles for the 1.27 eV emission line (fig.2b). 
The small differences observed for different arsenic pressures during the 
heat treatment can be explained by assuming that some extra VG -containing 
trapping centres are present near the surface for increasing ΡAg­
it is clear, that the above defined transition distance from the 
surface gives a good indication of the total copper impurity content of the 
system. This effect was used to design the experimental methods described 
above and to test quartz batches. 
The electrical effect of the copper contamination (which behaves as an 
acceptor in GaAs (18,20)) from the quartz was low, despite its rather 
intensive luminescence. No measurable influence on the carrier mobility or 
-concentration could be detected for the unintentionally Cu-contaminated 
crystals. Some additional annealing experiments were performed at 700°С 
with epitaxial layers, which were η-type with a carrier concentration of 
1015cm"3 and a 77K Hall-mobility of -5O.OOO cmz/Vs. Also for these 
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crystals, no changes in electrical properties were observed. Therefore, it 
is concluded that in the present system copper concentrations after 
annealing were lower than 10 -'cm-^ 
3.2. ANNEALING OF UNDOPED CRYSTALS IN THE PRESENCE OF Cu AND Mn 
Not only copper, but also manganese is expected to be an important 
impurity during heat treatments of GaAs (5.6). Therefore, the influence on 
the p.l. spectrum and the indiffusion behaviour of both species have been 
more extensively studied by annealing experiments which were performed for 
5 hrs at 65О0С with the pure elements added. For this study undoped GaAs 
was used. No extra arsenic was added to the ampoules. 
As a reference a typical spectrum of an unannealed undoped GaAs sample 
is given in fig.3. Emission lines were identified according to table I. 
This spectrum shows that Сд
е
 is the main shallow acceptor in this n-type 
material, in which SÍQ» is believed to be the main donor. Background 
concentrations of copper and manganese were present in the crystal before 
annealing (both < 10 •'cm'-') . 
FIK.3: Typical Ц.2К p.l. spectrum of an 
unannealed, undoped, HB-grown GaAs crystal. 
1.23 1.33 1.43 
P.l.energy (eV) 1 
1.53 
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The spectrum of a sample annealed with Cu is shown in fig.4a. The C U Q 
peak at at 1-356 eV with its two L.O. phonon replicas (table I) has 
enormously increased. A new peak which was not reported before is present 
at 1.467 eV, without phonon replica. Its intensity is 60 times lower than 
the major Cu emission. The assignment of this peak still requires some 
additional information and will be discussed later. The spectrum did not 
change when the sample was etched. Throughout, the crystal was converted to 
p-type, with a carrier concentration of 6.10 cm -^. Evidently, these 
annealing effects had relatively high diffusion rates in GaAs; on the basis 
of a simple error function approximation for the diffusion concentration 
profile, the effective diffusion coefficient was calculated to be Ì10 
cm / s . 
The surface p.l. spectrum of a crystal annealed with Mn is shown in 
fig.4b. The large 1.406 eV peak can be identified as M n G a (table I ) . 
Typically it shows a T.A. phonon replica at 1.397 eV and two L.O. phonon 
ΡΙκ.Ί: P.l. spectra at Ц.2К. of a heat 
treated (without arsenic added), undoped, 
GaAs crystal: a. annealed 5hrs at 650'С with 
Cu; b. annealed 5 hrs at 650'С with Mn, 
surface spectrum; c. the ваше as (b), 3um 
etched from the original surface. 
133 U3 
PI-energy(eV) — 
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replicas (21). New emissions were observed at 1.31t2 eV with an L.O. phonon 
replica, and at І.ІЙв eV. A second phonon replica of the 1.342 eV emission 
was sometimes observed in the noise. The 1.342 eV peak can not be 
attributed to recombinations involving CUQ . In all Cu contaminated 
о 
crystals the (e-CuQ
a
) line was found at 1.356 eV (± 1 meV), independent of 
crystal properties and excitation intensity within wide limits. In fig.^b, 
an emission is also observed 1.477 eV, which can be attributed to G eA
s 
acceptors (table I). Germanium is believed to be an impurity in the 
Mn-source. The 1.492 eV peak due to Сд 3 has disappeared. Instead, a peak at 
1.484 eV due to 5ід
д
 is observed. This shift will be discussed in detail 
below. 
After etching away -3 um of material from the surface the spectrum 
changed (fig.4c).This spectrum did not change upon further etching up to 50 
цш. The Мпд
а
 peak at 1.4o6 eV with its T.A. and two L.O. phonon replicas as 
well as the Свдд peak at 1.477 eV had disappeared here. For both new 
emissions at 1.448 eV and 1.342 eV, the intensity relative to the total 
spectrum intensity increased. The latter peak stands out more clear in 
fig.4c because of the absence of other peaks in this area. 
The surfaces of the Mn annealed crystals were converted to p-type, 
with a carrier concentration of З-Ю спГ^. After etching, the crystals 
became η-type again and no differences in electrical properties were found 
as compared to the unannealed sample. 
These observations show that in these Mn-annealed crystals there are 
two components with a different diffusion behaviour. The slowly diffusing 
(acceptor) component (effective diffusion coefficient D
e
ff <5.10 cm2/s) 
was only observed at the surface and was characterized by the 1.406 eV 
(MnQ-) peak. The fast diffusing component (without observed electrical 
activity), which was found at all depths (D f.f.>10~"cm2 /s), was 
characterized by zero phonon emissions at 1.342 eV and 1.448 eV. A similar 
effect was found by Seltzer (22) in Mn5*-tracer studies. He attributed the 
slow component to Мпд
а
, in agreement with other authors (7)· From a study 
of the arsenic pressure dependence he concluded that the fast diffusing 
component most probably was a MnQa'^As^ complex. Therefore, we conclude 
that the 1.342 eV and 1.448 eV emissions are related to this fast diffusing 
Mn G a-(V A s)2 complex. The 1.448 eV peak appeared to be not typical only of 
this (Mn-) experiment. It will be discussed later in the paragraph dealing 
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with intrinsic defects. Regarding the Ι.3Ί2 eV line, both the small line 
width and the L.O. phonon coupling indicate that it is improbable that this 
p.l. peak is due to a donor-acceptor recombination in such a complex, which 
normally only gives lead to a broad p.l. emission. It seems much more 
probable that the emission is caused by a single substitutional species. 
For this, Мпд8 is the most probable candidate. It can be formed from the 
complex via a defect-chemical reaction, which is discussed later. The 
concentration of Mn« -centres, which one expects to be acceptors, should be 
low, as no change in electrical behaviour related to the 1.3^2 eV emission 
was observed in the present η-type material. 
3.3. ANNEALING OF UNDOPED CRYSTALS AT DIFFERENT TEMPERATURES AND ARSENIC 
PRESSURES 
The experimental conditions used in this series of experiments are 
shown in table I I . Undoped GaAs crystals were annealed for 24 hrs under a 
fixed arsenic pressure or without the addition of arsenic. In the l a t t e r 
case, an equilibrium composition i s expected between the stoichiometric 
composition and the composition of the Ga-rich side of the solid existence 
region. For comparison, in the table also the arsenic pressures are shown 
for the edges of the existence region (from (23)) and for a stoichiometric 
crystal (from (24) and (25)). 
annealing condit ions 
T(»C) 
65О 
700 
800 
900 
1000 
various P A g used in the 
experiments (atm.) 
5x l0- 1 0 -w e ' -2 . i t7 
w-0.33 
w-o.20-0.53-1.32-2.it? 
w-0.33-l.'t 1t-2.66 
w 
Pj^(atm) above GaAs 
Ga-nch 
5 x l 0 - 1 0 
1*10-9 
З х Ю
- 7 
IxlO" 5 
ЗхЮ-
1
* 
Stoich 
IO"2 
itxlO' 2 
SxlO" 2 
0.11 
0.17 
As-nch 
1.7 
it.2 
17 
17 
16 
Table I I : Temperatures (T) and ( t o t a l ) arsenic pressures (Рд 3) used in the 
present annealing experiments of undoped GaAs. In the third and f i f t h column 
equilibrium arsenic pressures are given for c r y s t a l s from the Ga-rich and 
As-rich edge of the s o l i d ex i s tence region, r e s p e c t i v e l y (23) . The fourth column 
g ives the arsenic pressure above the s to ich iometr ic x - t a l (2Ц, 2 5 ) ) . 
a) w= without arsenic added. 
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3·3·1· Copper-related phenomena 
Annealing GaAs crystals at 9000C and lOOO'C, without arsenic added, 
and at 900", with Рд 3 between 0.3 and I.5 atra, resulted in a large broad 
emission at I.3I eV (fig.5a). At 90011 С and lOOO'C, without arsenic added, 
the "diffusion depth" of this peak (=distance from the surface where it 
disappeared) was found to be of the order of I5 and 35 urn, respectively 
(fig.6). After heat treatments at 900°С under fixed arsenic pressures the 
effect was only visible in the surface spectrum (fig.6). At larger 
distances from the surface, the peak at I.3I eV was replaced by the 1.356 
eV emission of CuQ
a
 (fig.5d). In the transition range a peak was found at 
І.З
2
*? eV (fig.5b, 5c). This might be interpreted as the first T.A. phonon 
replica of the 1.356 eV emission, but in some cases it was observed to be 
larger than the presumed zero phonon line. In addition, to our knowledge a 
T.A. phonon replica was never reported for the 1.356 eV line. Therefore, 
the І.З^Т eV peak is considered to be an independent emission. From the 
strongly coupled annealing and diffusion characeristics of the I.3I eV, 
1.3^7 eV and 1.356 eV peaks, we conclude that these peaks all involve 
recombinations at copper-related centres. These lines are now treated in 
more detail, together with the line at 1.467 eV which was already mentioned 
in the paragraph on annealing with addition of pure copper. 
- The І.3І eV emission. 
In the annealing experiment with pure copper added to the ampoule (see 
1 ft -Я foregoing paragraph), the conduction type had changed from n-(2x10 cm ^ ) 
16 -Ч to p-type (6x10 cm -J) due to copper acceptors. There, only an emission at 
І.З56 eV (+ 2 L.O. phonon replicas) due to CUQ was observed (fig.4a). In 
the present experiments, the carrier concentration was not affected by the 
heat treatment. Consequently, copper concentrations must be substantially 
lower than after the anneal with Cu. Therefore, the I.3I eV broad emission 
line cannot be attributed to an impurity band formed by an overlap of 
CuQ
a
-states in the solid with consequent lowering of the 1.356 eV emission 
energy. Identification of the 1.31 eV peak with a recombination in the 
^Ga~^Gn с о ш Р І е х also is highly improbable. For this centre, for a wide 
range of silicon concentrations from І О 1 ' - ^ · спГ^ the emission was always 
found at 1.27±0.01 eV, well below I.30 eV (this work, 17). Because of the 
large width of the I.3I eV emission, in the present experiments -0.12 eV at 
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FiK.5: P.l. spectra at Ц.2К between 1.22 eV 
and 1.Ί0 eV, showing the behaviour of the 
copper-related emissions as a function of 
etch depth (p) from the surface. This undoped 
GaAs crystal was annealed at 900'С without 
arsenic added, a: surface; b: p*4 urn; c: p=10 
urn; d: P'25 urn. 
1 3 0
 Рі-.мгдуМО-
 U 0 
0.5 
0 
( - ! i о . » 900*C 
\ » lOOO'C 
\ 
к 
0.33 \ 
ύ^'Ν. . . >.-20 
p(>im). 
40 
FlK.6: P.L. intensity (Ί.2Κ) of the I.31 eV 
emission normalized to the total intensity of 
the spectrum as a function of etch depth from 
the surface (p). Data are included for 
undoped crystals annealed for гй hrs without 
addition of arsenic (w) at 900'С and at 
1000'С, and under 0.33 atm and 2.66 atm 
arsenic pressures at 900'С. 
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4.2K, it is most probably related to a transition in a defeet-complex. 
Electrical measurements as reported in literature (18,26) showed an 
acceptor at 0.2 eV above the valence band edge after Cu indiffusion at 
βΟΟ"C-900'С from a film evaporated on the GaAs surface. Furukawa (26) 
reported that from the arsenic pressure dependence of the diffusion this 
energy level most probably could be identified with Cu A s or CuQa-(VAs)2· 
Safarov (2?) performed bound-exciton p.l. measurements on uniaxially 
deformed GaAs crystals after Cu-diffusion at 8500C. Two copper components 
were found: a fast diffusing complex with Coy-symmetry and a slowly 
diffusing component near the surface with C2w-symmetry. Willmann (28,29) 
arrived at a similar conclusion after absorption measurements and bound 
excition studies as a function of excitation intensity, temperature and 
magnetic field. The bound excitons found for these complexes (27,29) were 
not resolved in our spectra due to the larger impurity concentrations. The 
CUQ -( д )2 complex is expected to have Cpy-symmetry. From the arguments 
given above, we conclude that the present 1.31 eV p.l. emission corresponds 
to a recombination within this complex. 
- The І.347 eV emission. 
Since the 1.3^ 7 eV peak was observed as an intermediate in the 
transition of a 1.31 eV to 1.356 eV dominated spectrum, it can be related 
to the CUQQ-VA complex, which is expected to have Cny-symmetry (27). 
- The І.356 and 1.467 eV emissions. 
The line at 1.356 eV is known to be due to the uncomplexed CUQ- center 
(6,18). In most spectra in which this 1.356 eV emission was measured, there 
WEIS a peak at 1.467 eV (e.g. fig.4a), but always the 1.467 eV peak was 
accompanied by the 1.356 eV recombination. In most cases its intensity was 
І/ЗО-І/8О of the І.356 eV line. At the surfaces of crystals annealed with 
the highest arsenic pressures used during this study, this ratio was found 
to be several times higher (1/10-1). This effect is illustrated in fig.7 
for crystals annealed at 700°С. 
The width of the 1.467 eV peak was generally of the same order of 
magnitude eis that of the transitions involving shallow acceptors. For the 
latter group, a relation between the energy level of the acceptor and the 
probability of the η L.O. phonon transition (I
n
) relative to the zero 
phonon line (!_) was shown (l4). This relation was found to hold well for 
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Fig.?: P.L. intensity (4.2K) ratio of the 
Ι.Ίδ? eV and 1.356 eV emissions as a function 
of etch depth from the surface (p). Data are 
included for undoped crystals annealed for 24 
hrs at 700'С without arsenic added («) and 
under 0.33 etm arsenic pressure (o). 
all identified transitions involving uncomplexed acceptors in the present 
experiments. For an acceptor with an energy level approximately 50 mev 
above the valence band edge, a value of -0.07 is expected for I,/I . 
However, for the 1.467 eV peak an L.O. phonon was never observed. 
Additionally, elemental donors with a ionization energy of -50 meV have not 
been reported. Therefore, since neither free donors nor free acceptors are 
likely to be involved, the transition responsible for the 1.467 eV peak is 
concluded to involve a complex. P.l. measurements as a function of 
temperature showed a similar behaviour, refering to peak position and 
relative intensity, of the 1.467 eV emission and other transitions 
involving one of the bands. This leads us to conclude that the peak is due 
to a recombination process from one of the bands to a complex level. The 
complex must be related to Cu G , since it was only observed in the p.l. 
spectra when also the CUQ peak at 1.356 eV was present. 
Apparently, arsenic-rich conditions favor the formation of the centre 
responsible for the 1.467 eV emission. Therefore, it may be related to 
gallium vacancies, arsenic interstitials or Саде antisite defects. 
Formation of centres such as C U Q - V Q or CUQ
 a
-Cur;
a
 seems not very likely in 
this material, because of the possible mutual repulsion of the filled 
acceptors. However, since no information is available on the effective 
charge state of these species, these possibilities can not be fully 
excluded. For complexes containing two copper atoms, a quadratic dependence 
on the copper concentration is expected. Over a wide range of 1.356 eV 
emission intensities, and hence expected copper concentrations, the 
intensity ratio of the 1.467 eV and 1.356 eV lines was fairly constant. 
Therefore, complexes such as cUQ
a
-Cu G a and Cu i-Cu G a seem not to be probable 
105 
p(pm) 
as centres responsible for the 1.467 eV emission. It must be concluded, 
that from the present observations no unambiguous statement about the 
nature of the 1.467 eV centre can be made. However, CuQ
a
-AsQ
a 
are likely candidates. 
or Cu^-As i 
3.3-2. Manganese-related phenomena 
Spectra of as-grown undoped c r y s t a l s used i n t h i s study show a weak 
emission a t 1.406 eV due t o MnQ
a
-acceptors ( f i g . 3 ) . Annealing of t h e s e 
samples a t temperatures below 700° С and a l s o a t 1000° С did not give a 
change in t h e p . l . r e l a t e d t o manganese. However, l a r g e e f f e c t s were 
observed by anneal ing a t 800°С and 900°С In f i g . 8 , p . l . s p e c t r a a t var ious 
e t c h depths of a c r y s t a l annealed a t 800°С without the a d d i t i o n of a r s e n i c 
a r e shown. A l a r g e i n c r e a s e of t h e 1.406 eV emission as compared to the 
unannealed spectrum was observed a t t h e s u r f a c e . At an e t c h depth of 
F i g . 8 : P . l . spectra at 't.ZK from an undoped 
GaAs sample annealed at 800'С without arsenic 
addit ion for d i f ferent etch depths from the 
surface ( p ) . a: surface; b: p=5 urn; 
c: P=25 urn. 
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~10 um, the manganese spectrum changed back to the as-grown situation 
(fig.8b,c). This effect is demonstrated more quantitatively in fig.9a. 
Annealing at 800° С under fixed arsenic pressures did not produce this 
effect of enhanced Mn-emissions at the surface. Heat treatment at 900°С 
resulted in an increase of Mn^ -luminescence intensity for all arsenic 
pressures used (fig.9b). The effect was much stronger for the lower 
pressures. Changes m electrical properties were not observed in any case. 
I 1 1 . 1 
0 15 30 0 1 2 3 
p(jrm)—» Рдд (alm)—» 
Fig.9: Intensity of the 1.406 eV (Мп
аа
-) line relative to the BX emission 
(Ί.2Κ), a: as a function of the etch depth (p) for an undoped crystal annealed 
for 24 hrs at SOO'C without addition of arsenic (w) ; b: after 900' С anneal {2'4 
hrs) as a function of arsenic pressure (PAs) for the original surface (*) and 
for an etch depth of 5um (o). The relative intensity of the 1.Ίθ6 eV line in the 
spectrum of an unannealed crystal is indicated ( ). 
A l a r g e 1.^Ц2 eV emission, as found for the anneal ing experiments with 
the a d d i t i o n of manganese, was not observed. As both the Mn^ - and the Cur. 
- emission spectrum f a l l in t h i s energy reg ion, i t may have been obscured 
in many c a s e s . However, for c r y s t a l s annealed a t the lowest a r s e n i c 
pres sures showing the s t r o n g e s t 1A06 eV peak, a l so a shoulder a t 1.3^2 eV 
was observed ( f i g . 8 a ) . Both energy p o s i t i o n and i n t e n s i t y d i s t i n g u i s h t h i s 
shoulder from the second phonon r e p l i c a of the lA06 eV peak. Evidently, 
the c e n t r e r e s p o n s i b l e for the 1.^2 eV l i n e only forms a t high 
Mn-concentrations for the temperatures used t h i s in t h i s s tudy. 
107 
3.3·3· Native defeats 
-The Ι.^β eV emission. 
The assignment of the 1.448 eV line meets a number of difficulties 
because of the complexity of all the information which is available. The 
experimental results can be summarized as follows. 
1. The 1.448 eV emission has a phonon replica at 1.412 eV (e.g. fig.4c) 
with an intensity of 0.10 ± 0.02 times the zero-phonon line. 
2. The annealing experiments without the addition of impurity elements (Cu 
and Mn) revealed that at the surfaces of the heat treated crystals: 
a. The 1.448 eV line was present for samples annealed without the 
addition of arsenic (fig.8a). 
b. Its intensity increased strongly with the annealing temperature 
(fig.10a). 
c. Samples annealed with arsenic added to the ampoule in effect did not 
show this emission at all or only very weakly. 
3. Etching of samples which were annealed without the addition of arsenic 
(and without impurity elements) showed: 
a. For annealing temperatures below gOO'C the 1.448 eV peak disappeared 
from the spectrum after etching away 5 um of material. 
b. For crystals annealed at 900°с or above, the 1.448 eV emission was 
observed at much larger etch depths. It was found to decrease in a 1:1 
relation with the decrease of the broad 1.31 eV peak due to CuGa~'VAs'2 
(fig.10b). 
4. For crystals annealed at 65О0С without the addition of arsenic (and 
without Cu and Mn), only a small 1.448 eV line could be observed in the 
noise (fig.10a). It was present only in the surface spectrum. 
a. However, annealing at the same temperature in the presence of pure Ga 
produced a relatively large 1.448 eV signal (fig.11). 
b. Also, in this experiment the 1.34? eV emission due to С и с
а
-
 дд
 w a s 
larger than the 1.356 eV line due to Cu G a (fig.11).It appeared that the 
peaks at 1.448 eV and 1.34? eV are coupled: their intensity ratio 
(1(1.448 eV)/I(1.347 eV)) was approximately constant (2±0.3) at larger 
etch depths below the original surface (measured up to 25um). 
It should be remarked that the total arsenic vacancy concentration in this 
experiment, which is at the Ga-rich edge of the solid existence region at 
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FiR.lO: Intensity of the Ι.'ίΊβ eV peak nomallzed to the total spectrum 
intensity (Ц.гк) after annealing of undoped GaAs without arsenic addition (2Ц 
hrs). a: as a function of annealing temperature (at the surface); b: as a 
function of etch depth (p) from the original surface after 900*0 annealing 
(*-*). For comparison, the intensity of the 1.31 eV emission is also included 
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Fig.11: Surface p.l. spectrum at Ц.2К of an undoped OaAs sample annealed at 
650*0 with addition of gallium. 
650°С, can be of the same order of magnitude as at higher temperatures (έ 
900°С) under arsenic vapour pressures as used in the present study (24,30). 
5. The annealing experiments at 650°С with pure Mn added, which were 
already discussed above, showed that the 1.448 eV emission was coupled to 
the Мпд3 line at 1.342 eV (fig.4b,c). Both peaks were related to the fast 
diffusing MnQa'^As^Z c o mP l e x· 
All the observations under points 2-5 indicate that the 1.448 eV 
emission is coupled to the creation of arsenic vacancies or, alternatively, 
Ga^ ^ or Свдд ; the peak is formed at low arsenic pressures during the heat 
treatment and is larger for higher annealing temperatures; it has a low 
diffusion coefficient; when complexes are present which were related to 
arsenic vacancies before (as discussed above Сис
а
-( дд)2. CUQ
а
-
 д and 
''
nGa"^As^2· r e sP e c ti v ely) · it diffuses faster and in tune with these 
complexes. A more specific assignment of the 1.448 eV peak can be given on 
the basis of the following arguments. 
The intensity of the first L.O. phonon replica of the 1.448 eV peak is 
in agreement with the trend found for (e-Α0)/(D0-A") acceptor transitions 
in GaAs (14). Therefore, it is reasonable to assume that the centre 
responsible for the 1.448 eV emission also is an acceptor. This favors 
identification with Ga«
s
 rather than V« , as the latter defect is expected 
to be a donor (24,31)· This is supported by theoretical arguments. From 
calculations of the crystal lattice deformation around a vacancy, it was 
concluded that the дд-level is located above or very near to the 
conduction band edge (32). Hence, it is not likely to have a ionization 
energy of ~70 mev, as is calculated for the 1.448 eV peak using Eagles'rule 
(33)· It should be remarked that formation of Ga^ is not probable in GaAs 
(24,30,34) and therefore is not considered as a possible cause for the 
1.448 eV emission. This all leads to the final conclusion that the 1.448 eV 
emission originates from the Садд antisite defect. 
Yu (35) reported the presence of an emission at 1.441 eV, with an L.O. 
phonon replica at approximately 10# of the intensity of the zero phonon 
line. This peak was attributed to the transition of a conduction-band 
electron to a centre related to arsenic vacancies, most probably being the 
СЭдд antisite defect. It seems very probable that the 1.448 eV emission 
found in the present work is due to the same centre as the 1.441 eV line 
found in (35). though the inaccuracy of the p.l. measurements does not seem 
110 
to be large enough to allow for the observed discrepancy of 7 meV. 
- The 1.38 eV emission. 
In this study a weak emission at -I.38 eV was observed in the p.l. 
spectra of samples annealed at high temperature and high arsenic pressure 
(fig.12). This emission was always very weak and often could not be 
observed due to large nearby peaks (1.356 eV and first L.O.-phonon replica 
of 1.406 eV). Jaros (32) calculated the position of the gallium vacancy 
level at -I5O mev above the valence band edge. This is in reasonable 
agreement with the presently observed I.38 eV peak. The A s G a antisite can 
be ruled out as this defect can most probably be related to the midgap EL2 
level (36). Therefore, it is concluded that the weak emission at I.38 eV is 
related to a transition involving the gallium vacancy level. 
Fig.12: Surface p.l. spectrum at 4.2K of an undoped GaAs sample annealed at 
вОО'С with a total arsenic pressure of 1.3 atm. 
3·3·'*· Carbon and siliaon aoaeptors 
In all spectra showing the 1.448 eV emission (assigned to Сад ), also 
a shift of the near bandgap emission from 1.492 eV (C A s) to 1.484 eV (SiA ) 
was observed (compare fig.3 with e.g. fig.4b,c,8atll). In some cases both 
peaks were visible in one spectrum. The simultaneous appearance of both 
lines confirms that the shift is due to a change in centre responsible for 
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the emission. 
This effect can not be attributed to a strong increase in the Зідд 
-concentration with a consequent overshadowing of the Сд
а
 peak in the p.l. 
spectrum; in most cases in which the peak shift was observed (e.g. cases 
fig.4c,8a,11), no changes in electrical properties (carrier concentration 
and Hall-mobility) and, consequently, in the total acceptor concentration 
were observed. Therefore, the shift of the p.l. emission must be due to a 
conversion of C A s to 5ід5 acceptors. 
Samples with a deep 'penetration' of the l.kkH eV centre below the 
surface accordingly showed the acceptor exchange (e.g. anneal with Mn at 
65О0) (fig.4b,с). This shift of C A s to Si A g acceptor emissions under 
conditions favoring formation of arsenic vacancies, was already reported by 
other authors (2). The present results clearly show that the shift is 
related directly to the presence of arsenic vacancies and/or gallium 
antisite defects. 
4. DEFECT CHEMICAL CONSIDERATIONS 
4.1. NATIVE DEFECTS 
Throughout this work, arsenic vacancies play an important role.They 
are produced by evaporation of arsenic at the surface during the heat 
treatments under arsenic poor conditions: 
As A s ι As(g) + V A s 
Successively, these vacancies diffuse into the crystal in order to 
establish thermodynamic equilibrium throughout the bulk. The presence of 
arsenic vacancies was found to be characterized by the 1.448 eV peak in the 
p.l. spectrum, which was attributed to Ga A s antisite defects. These native 
defects are related via defect chemical reactions, e.g.: 
G aGa + VAs ¿ GaAs + VGa 
In this reaction gallium vacancies are produced. In an equilibrium 
situation, the concentrations of arsenic and gallium vacancies are related 
via the Schottky equation: 
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vGa + VAs І 0 
In the present study,except for the cases when large concentrations of 
impurities diffused into the samples, no changes were observed in the p.l. 
spectrum of the bulk of an annealed crystal as compared with as-grown 
material. This is in agreement with the low diffusion rates observed for 
single vacancies (1). It has been suggested (24,30) that Frenkel disorder 
on the arsenic sublattice determines the native defect chemistry of GaAs: 
A sAs t A s i + VAs 
and not the Frenkel disorder on the gallium sublattice (24,30,34,37)· If 
the above given equilibrium is established during the heat treatment, 
effects with expected longer relaxation times, such as the carbon-silicon 
exchange and complex formation of vacancies with copper and manganese, are 
expected to be visible after rapid cooling of the crystal. This was not 
observed. Similar arguments apply if the Schottky equilibrium is 
considered. Therefore, it is concluded that the native defect equilibria 
are not established in the bulk during the present heat treatments between 
65O0С and 1000°С without the addition of impurities. An implication of this 
conclusion is, that during the growth of epitaxial films by CVD and LPE 
equilibrium conditions might be achieved for intrinsic defects in these 
layers. However, heat treatments after the growth process only have an 
effect in a thin surface layer and do not give thermodynamic equilibrium 
throughout the crystal, unless extreme annealing times are used. 
4.2. COPPER 
Copper is known to diffuse fast in GaAs as a positively charged 
interstitial (19,38). Effective diffusion coefficients, however, were found 
to be lower in many cases. This phenomenon can be attributed to the 
trapping of a copper atom in a vacancy site and formation of less mobile 
species: 
C u i + vGa * C uGa 
C u i + VGa- S iGa * C uGa- S iGa 
For copper concentrations lower than the vacancy concentration, this 
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mechanism will cause effective "delay" of the diffusion. For high copper 
concentrations , high diffusion coefficients were found (19,38,present 
work). This indicates that the copper concentration in the crystal was 
higher than the concentration of originally present gallium vacancies. This 
conclusion is supported by the type conversion of undoped η-type crystals 
observed after annealing with the addition of copper: since gallium 
vacancies are also expected to be acceptors in GaAs (31). substitution of 
Cu on this lattice site can only lead to enhanced compensation by the CuQ
a 
double acceptors (20). Consequently, as diffusion of free vacancies from 
the surface is relatively slow (1), gallium vacancies must be created in 
the bulk to form CUQ_ acceptors. For this, two reactions can be suggested 
which involve Frenkel and Schottky equilibria, respectively: 
C ui + G aGa * C uGa * G ai 
C ui + G aGa + A sAs * C uGa + CuAs + G ai + A si 
The interstitiels which are formed in these reactions must rapidly diffuse 
to the crystal surface or to line defects (dislocations). Regarding the 
second reaction given above, copper atoms must also substitute on arsenic 
sites, since formation of arsenic vacancies related to Cu indiffusion was 
not observed, neither directly in the 1.448 eV emission, nor in the 
formation of V. -related complexes. 
Two copper-arsenic vacancy complexes were identified. In the p.l. 
spectra which showed emissions related to these species, also the 1.448 eV 
Ga« peak was observed. The diffusion of these Cu-complexes was slower than 
that of copper interstitiels (19t38). but much faster than that expected 
for single arsenic vacancies (1). The presence of such complexes evidently 
induces an appreciable equilibrium vacancy and antisite concentration in 
the crystal. This can be represented as: 
G aGa + CuGa-<VAs>2 [1-31 eV] t CuGa-VAs [1.34? eV] • Ga A s [1.448 eV] + V G a 
G aGa + CuGa-VAs * C uGa t 1 ^ eV] * Ga A s • V G a 
Note that emissions at I.38 eV due to the VQ level were not detected, 
possibly because of its low p.l. efficiency or its consumption via the 
Schottky equilibrium. 
114 
A.3· MANGANESE 
The same arguments as given above for copper complexes apply for 
manganese. A relatively fast diffusing Mn component was attributed to 
M nGa _^As^2· •''n p · ^ ' s P e c t r a і Ь w a s observed in the 1.3'*2 eV and 1.448 eV 
emissions: 
G a G
a
 +
 ^Ga-^Ash * M nAs ^ - З ^ eV] • G a ^ [1.448 eV] • 2 V G a 
In the annealing experiments without the addition of impurities, Mn 
was detected near the crystal surface after heat treatments at 800°С and 
900°С. Probably, this can be attributed to diffusion of Mn, present as an 
impurity in the system, into the crystal (4,5,39)· The present results, 
especially the strong arsenic dependence of the surface manganese 
concentration after annealing, seem to support this conclusion. In defect 
chemical terms, the influence of the arsenic pressure dependence can be 
explained by the following (net) reaction scheme: 
As A s χ As(g) + V A s 
Ga G a + V A s + Mn (g) t Mn G a [1.406 eV] + Ga A s [1.448 eV] 
An increase in the arsenic vapour pressure results in a decrease of the V A 
concentration and, consequently, in a decrease of the amount of Mn 
incorporated at Ga-sites. However, from the present work the origin of Mn 
at the surface of the heat treated crystals could not be established 
unambiguously. Other authors (40,4l) reported Mn exo-diffusion from the 
bulk. This subject is beyond the scope of this paper and will be treated in 
detail in a future publication. 
4.4. ThE CARBON-bl^ICON EXCHANGE 
In the presence of arsenic vacancies, characterized by the 1.448 eV 
Ga A line in the p.l. spectum, a shift of the shallow acceptor peak at 
I.492 eV to 1.484 eV was observed. This was shown to correspond to a 
replacement of C A by Si A . In undoped as-grown material, silicon is 
present as a donor (SiG ) and carbon is the main acceptor, as shown by the 
I.492 eV С. -emission. Since no changes in electrical properties related to 
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the acceptor conversion were found, an electroneutral equilibrium must be 
involved. Most likely, carbon and silicon exchange positions in the 
lattice: 
S iGa + CAs * S iAs + CGa 
The mean distance between Si and С in the crystal is of the order of a few 
tens of nanometers. This value was calculated using the donor and acceptor 
concentrations determined from the Hall-mobility and carrier concentration 
(it2). This distance is small as compared with the diffusion distances 
expected for the species involved during the present heat treatments 
(7,19). Therefore, enhanced diffusion by VAs-interaction will not explain 
the influence of arsenic vacancies (or antisite defects) on the exchange 
reaction. Therefore, most probably this process occurs via a multiple step 
mechanism, aided by д
д
 or Свдд. This mechanism is not fully understood at 
present. 
Table III gives a summary of the main p.l. emissions newly found and 
discussed in this work. Also their most probable relation to defects and 
impurities is given. In conclusion, it can be stated that the combined 
approach of annealing under well defined conditions and studying the 
effects of the heat treatment as a function of depth from the original 
surface has proven to be very fruitful in a study of the defect- and 
impurity chemistry of GaAs. 
P.L. energy (eV) 
1.U67 
1.1Й8 
1.38 
1.3*7 
1.3t2 
1.31 
i d e n t i t y 
Cu^-re lated 
0 a As 
vCa 
C
«GB-
VAs 
«"As 
CuGa-<VAS>2 
Table III: New Ц.2К p.l.-emissions detected in this work and their most probable 
identification. 
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EPITAXIAL GROWTH OF GaAs BY MOCVD 
CHAPTER 8 
GAS PHASE DEPLETION AND FLOW DYNAMICS 
IN HORIZONTAL MOCVD REACTORS 
J. van de Ven, G J M. Rutten, M J. Raaymakers and L J.Giling 
Journal of Crystal Growth, submitted 
GAS PHASE DEPLETION AND FLOW DYNAMICS IN HORIZONTAL MOCVD REACTORS 
ABSTRACT 
Growth rates of GaAs in the MOCVD proces have been studied as a 
function of both lateral and axial position in horizontal reactor cells 
with rectangular cross-sections. A simplified model to describe growth 
rates in laminar flow systems on the basis of concentration profiles under 
diffusion controlled conditions has been developed. The calculation of the 
growth rate equations includes the definition of an entrance length for the 
concentration profile to develop. In this region, growth rates appear to 
decrease with the 1/3-power of the axial position. Beyond this region, an 
exponential decrease is found. For low Raleigh-number conditions, the 
present experimental results show a very satisfactory agreement with the 
model without parameter fitting for both rectangular and tapered cells, and 
with both H2 and No as carrier gases. Theory also predicts that uniform 
deposition can be obtained over large areas in the flow direction for 
tapered cells. This has been achieved experimentally for the first time in 
an MOCVD system. The influence of top-cooling in the present MOCVD-system 
has been considered in more detail. From the experimental results, 
conclusions could be drawn concerning the flow characteristics. For low 
Rayleigh-numbers (present study <~700) it follows that growth rate 
distributions correspond to forced laminar flow characteristics. For 
relatively high Raleigh-numbers (present work > I7OO-28OO), free convective 
effects with vortex formation are important. These conclusions are not 
specific for the present system, but apply to horizontal cold-wall reactors 
in general. On the basis of the present observations, recommendations for a 
cell-design to obtain large area homogeneous deposition have been 
formulated. From this work, in addition the conclusion is drawn that the 
final decomposition of trimethylgallium in the MOCVD process mainly takes 
place at the hot substrate and susceptor and not in the gas phase. 
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1. INTRODUCTION 
One of the most promising techniques for industrial processing of 
III-V compounds is Metal-Organic Chemical Vapor Deposition (MOCVD). For 
this reason, much attention is paid to both fundamental and technical 
aspects of this growth technique at present. However, studies dealing with 
flow dynamics, depletion effects and cell-design in MOCVD-systems are very 
scarce. 
Presently, many cell-designs are based on the horizontal reactor. For 
this system, a number of both theoretical and experimental studies have 
been performed concerning the flow- and temperature profiles and their 
development in the so-called entrance regions (e.g. 1-8). The partial 
differential equations of Navier-Stokes which govern the transport 
phenomena in these systems can only be solved by numerical calculations for 
well defined conditions. Recently, such calculations were performed for 
laminar flow conditions (9-II). Such treatments, however, are very 
elaborate and do not provide rapid insight into the physical processes when 
interpreting experimental observations. Therefore, especially to describe 
mass-transport and deposition rates in CVD simplified models are welcomed 
and used, frequently. These models often start from an analogy between 
temperature- and velocity profiles and the concentration profile, of which 
the latter is established as the result of mass-transport by diffusion and 
flow and chemical reactions. In such models, diffusion over a velocity 
boundary layer plays an important role, but in most cases the concentration 
profile has been simplified to a large degree. A review of various models 
is given in (12). On the basis of flow visualization experiments with TiOo 
particles, Eversteyn and co-authors (13) proposed a model in which a 
stagnant layer with constant thickness was assumed to be present above the 
susceptor. Over this layer all temperature and concentration gradients in 
the cell were fully accomodated. Giling (6) showed that such stagnant layer 
theories are fundamentally not correct for laminar flow systems with low 
Rayleigh (Ra) and Reynolds (Re) numbers. For low values of the Ra-number, a 
linear temperature profile is established between top and bottom of the 
cell. Kamotami and Ostrach (2) also showed that a stagnant layer, in which 
the linear gas velocity would be zero, is not present in a developed forced 
laminar flow profile. For high Ra-numbers, often obtained when using N3 or 
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Ar as a carrier gas, the presence of a so-called 'split-off' layer was 
shown (6): a laminar boundary layer was found close to the susceptor with a 
strongly convective part above. It should be noted that such split-off 
layers can be the result of large entrance profiles, extending over a large 
part of the susceptor. In this entrance regions large flow instabilities, 
such as return flows and vortex formation, may severely influence 
mass-transport and, consequently, the positional distribution of growth 
rates. For these high Ra-ntunber systems a model involving an effective and 
constant diffusion boundary layer might be expected to explain the 
experimental observations. 
In this study, only cells with rectangular ducts were used. In these 
reactors, under low Ra-number conditions isotherms are parallel to the 
upper and lower cell boundaries when a top-cooler is used (6). Therefore, 
these cells are strongly preferred to cylindrical designs in which 
temperature gradients generally exist in lateral directions over the 
susceptor which may induce lateral gas motions and therewith influence 
growth rates. Recently, Houtman and co-workers (11) have shown by numerical 
computations that some vorticity may still be present in rectangular cells 
under low Ra-number conditions due to the effect of the side walls. They 
also showed, however, that this did not affect temperature distributions in 
the cell, in accordance with experimental observations (6). In the present 
work it will be shown that these vortex rolls have no effect on the 
mass-transport phenomena, i.e. growth rates, either. 
The present work mainly deals with mass-transport phenomena in 
horizontal MOCVD reactors. Growth rates in these systems are controlled by 
gas phase transport of the Ill-component via diffusion and flow (14). A 
two-dimensional model describing the growth rate as a function of axial 
position is presented for laminar flow systems, based upon a consideration 
of concentration profiles in the cell. Growth rate results obtained in 
MOCVD of GaAs are confronted with this model for different experimental 
conditions. These include the use of Hp and N2 as carrier gases, various 
cell-dimensions, water and air top-cooling, various flow rates and gas 
phase concentrations of the growth components. Growth rates were also 
studied as a function of lateral position on the susceptor, to obtain 
information about possible lateral flowcomponents (15)· Finally, some 
recommendations are given for the optimization of cell-design to obtain 
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homogeneous layer thicknesses on large surface areas and minimize gas phase 
depletion effects in MOCVD. 
2. MODEL FOR DIFFUSION CONTROLLED GROWTH RATES IN A LAMINAR FLOW SYSTEM 
In this paragraph a model is presented to account for growth rates in 
horizontal CVD reactors, in which the deposition process is limited by 
mass-transport in the gas phase. The main idea of the model is that 
concentration profiles are calculated in the reactor, taking into account 
as good as possible the flow profiles. The gas flow is considered to be 
laminar and dominated by forced convection. This implies that mixing 
effects due to free convective motions can be neglected. Return flow of 
heated gas may occur at the leading edge of the hot susceptor (16). This is 
due to buoyancy forces caused by the expansion of the cold gases hitting 
the hot parts. This effect, which introduces additional mixing and memory 
effects, is neglected in the present model, too, but will be considered in 
more detail below qualitatively. The following treatment is 
two-dimensional. Symbols are defined in table 1. 
2.1. ISOTHERMAL SÏSTEM 
First, we consider a system with a constant temperature in which the 
active component rapidly decomposes at the susceptor, y=0, for all axial 
flow positions ζέΟ (fig.la). Therefore, its concentration at y=0 is zero 
for all values of ζ in the decomposition zone. Transport of material 
towards the susceptor goes entirely via diffusion. Transport in the flow 
direction is considered to be dominated by forced flow, i.e. diffusion in 
the axial direction is neglected in first instance. Later in the discussion 
of the experimental results, the effects of axial diffusion will be further 
considered. The equation for mass conservation for this case is: 
, . Э C(y,z) _ Э2 C(y,z)
 m 
in which D is the diffusion coefficient of the active component in the 
carrier gas and v(y) expresses the parabolic velocity profile in the 
reactor as given by: ••2 
v(y) " 6 v 0 ( I - fc ) (2) 
125 
(a) f l o w . 
. n (decomposition 
zone ) 
- » ζ 
(b) 
-b/2 
I 
0 b/2 
-»x 
£і£Л: Schematic cross sections of a reactor cell a: longitudinal, b 
transversal. 
Table 1; list of most Important symbols. 
V gas velocity N 
V» average gas velocity at reactor Inlet G 
at 300 Κ Ρ, 
V T average gas velocity at temperature I 
lateral dimension 
height above susceptor 
axial dimension 
total cell width 
total cell height 
hydraulic diameter, 2 b h/(b + h) 
tilting or tapering angle; also used as 
Index 
concentration entrance length 
temperature/flow entrance length, 
0.4 Pr Re h - 0.28 Re h 
diffusion coefficient 
ibid at 300 К 
ibid at temperature Τ 
'0 
mass flux at susceptor 
growth rate 
ΤΜΓ'^Α Η
 i n P u t partial pressures of TMG 
and arsine 
Ρη input partial pressure rate limiting 
component 
С concentration rate limiting component 
C« ibid at inlet 
C(z) average concentration rate limiting 
component at position ζ 
molecular weight growing crystal 
density growing crystal 
Reynolds number, v_ d,/ V with V kine­
matic viscosit> 
Ra Rayleigh number, g β ΔΓ h / V к with 
g gravitational acceleration, β coeffi­
cient of volumetric expansion, ΔΤ=Τ -Τ, 
к thermal diffusivity 
M 
Ρ 
Re 
reference temperature (this work: 300 К) Gr Grashof number, Ra/Pr 
Pr Prandtl number, V/k= 0.7 for gases 
Sc Schmidt number, v/D 
mean temperature 
Τ
 tT, temperature at susceptor (y^O) and 
upper wall (yh) 
Τ 
m 
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Equation (1) is difficult to solve for a parabolic velocity profile. 
Therefore, we decided to take the following route: first solve the problem 
for a constant flow velocity and secondly consider the influence of a 
parabolic flow profile on the results obtained so far. For the case of a 
constant flow velocity (VQ) the problem can be solved analytically for the 
boundary conditions: 
C(0,z)- Ü for all ζ > 0 0<i) 
3 С(У'2> / = o for all ζ í 0 (ib) 
Э у y-h 
С(у,0)- С» for all 0 < у S h Oc) 
The second condition (eq-3b) expresses that no mass-transport can occur 
through the upper wall of the reactor. Following the same lines as (17). 
the above problem can be solved, giving: 
^ C
n
 » , 1 . , 2m+l . , -(2IIH-1)2 π 2 D ζ ., ,,. 
C(y,z) = — 0 -
 m
Z 0 { 2 ^ ein( - ^ i-y) exP( j-jja-j- )} (A) 
In this equation, m is a summation-integer. 
In fig.2, concentration profiles at different positions ζ(in h2VQ/D) are 
drawn as calculated from (eq-O. For small values of ζ the solution in 
(eq-4) is equivalent to an error-function for diffusion in a semi-infinite 
medium. This holds until the concentration at y=h falls significant below 
CQ. For the following analysis the critical concentration for this to 
happen is defined as 0.99 CQ. The axial distance Z Q at which the 
concentration at y=h reaches this value can be calculated from (eq-4): 
h 2 v
o 
z
o
 =
 Т б ^
 ( 5 ) 
It appears that for higher values of z, only the first term in the 
summation of (eq-^) has to be considered, as the series converges very 
rapidly. For these values of Z>ZQ: 
„ , ч A C . . , ту . , - π 2 D ζ . /(-> 
C(y.z) - ^ Ч Ь βιη( ^ ) ехр(
 4 h2 ^ ) (6) 
In this equation, the gas phase depletion in the flow direction is 
represented by the exponential term. Eq-6 also shows that the concentration 
profiles as a function of y have the same form for all values of Z>ZQ, as 
determined by the sine-function. The distance Z Q can, therefore, be 
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Fig.2: Concentration as a function of position above the susceptor in en 
isothermal cel l with a capturing boundary at y*0 and for a constant gas 
velocity. Parameter i s the axial position, ζ (in h'vn/D). The dotted line 
represents the concentration profile for z-h' VQ/S^D after correction for a 
linear gas velocity profile as described in the text In the insert the 
parabolic flow profile and the linear velocity approximation for OSySh/1) (dotted 
l ine) are given. 
considered as an entrance length for the concentration profile to develop 
in the reactor c e l l : for ZSZQ the concentration profile has to build up and 
i s the same as in a semi-infinite medium; for z>zg the concentration 
profile has developed and remains of the same form for a l l z. 
2 . 2 . SOLUTIONS FOR THE DEVELOPMENT REGION z i z . I\ A LINEAR FLOW PROFILE 
Fig.2 shows that in the development region ZÊZQ the largest drop in 
concentration occurs in a relatively thin layer above the susceptor. For 
calculation of the mass flux at y=o, therefore, this part of the reactor 
represents the region of mam interest . In f ig .2 , i t can be seen that the 
main concentration drop occurs between y=0 and у=Ь/4 . In order to solve 
(eq-1) in a more r e a l i s t i c way than the plug-flow approach given above, the 
parabolic flow profile can be substituted by a l inear velocity 
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distribution: 
v(y) - 4.5 v 0 ( £ ) (7) 
which is on the average correct to within -10# in the relevant range 
0<y<h/4 (see insert fig.2). Following (18), the solution for a diffusion 
problem in a semi-infinite system with a capturing boundary at y=0 and this 
linear velocity profile is given by: 
π ^ J" exp(-a3) da ν .,.. 
Here, a is an integration parameter and Г is the well known gamma function. 
The concentration profiles given by (eq-8) do not differ strongly from 
those given by (eq-4), but can be regarded as a refinement of the model. 
This is illustrated in fig.2 for 2=ЬгνQ/'640 and 0Syáh/4. 
Using Pick's law, the mass flux at y=0 as given by 
N(z)=-D[3C(y,z)/3y] Q now becomes: 
N(z) = 0.Θ9 D C. ( 5 - j ^ ) " 1 / 3 (9) 
υ v0 
In terms of former models which equate for the mass flux NÍZ^D'CQ/Ó, the 
factor л BQ (DÌIZ/VQ) '-> in (eq-9) can be considered as the effective 
boundary layer thickness. The error in the mass flux given in (eq-9) 
introduced by linear velocity profile is small (~3#), because of the 
1/3-power in VQ. The mass flux follows a -1/3 power in ζ and v, as a 
consequence of the linear velocity profile approximation. 
Because the active component is only consumed at y=0, the average 
concentration at Z=ZQ, C(ZQ), can now be calculated on the basis of the 
total amount of material that has disappeared: 
z0 
Γ N(z) dz = h ν- ( С - C(z ) ) (10a) 
0 
Solution of this equation gives: 
C(z0) - 0.79 C0 (10b) 
Using this and (eq-9,5) we now obtain for the mass flux at Z=ZQ (y=0): 
C(z ) 
N(z0) - 2.84 D — — (11a) 
129 
2.3. SOLUTIONS FOB THE DEPLETION REGION ζ > ζ-
Since the concentration profiles for values of ζ larger than the 
entrance length are of the same form (this will remain true for any 
velocity function which is constant in z), eq-lla can be generalized 
because of symmetry considerations: 
N(z) - 2.84 D Цг^- (llb) 
η 
The mass flux balance between the supply by forced flow and deposition at 
y=0 for each ζ is now given by: 
- h v 0 V ^ - 2 . 8 4 D ψ C12) 
Integration of this equation with respect to ζ from ZQ to ζ and with 
respect to 6(z) from 0.79 CQ to 6(z) gives: 
-2.84 D (z - ζ ) 
C(z) = 0.79 C0 exp( ¡ ^ ) (13) 
The flux at y=0 can now be calculated from eq-llb. After rearranging, using 
eq-5: 
2.68 D C0 
N(z) = exp( —ri— ) (14) 
" 0 
2Λ. GROWR RATES IN A COLO HALL CVD REACTOR 
Under experimental conditions, the lower cell wall (y=0) is heated to 
a constant temperature, whereas the upper boundary (y=h) is water- or 
air-cooled. Since analytical calculations of the mass-fluxes in 
non-constant temperature fields are very difficult, an effective gas 
temperature is often introduced. It has been shown (19-22) that in systems 
similar to the present reactor cells, introduction of the arithmatic mean 
of the temperature gives a good approximation for the influence of 
temperature fields on the flux equations. Therefore, in a region of 
developed flow for the effective temperature the mean temperature in the 
cell can be taken: 
m s η 
Here, Tg and Ί-^ are the temperatures of the susceptor and the cooled upper 
130 
wall, respectively. It can be argued that this mean temperature also is a 
good estimate for the entrance region, ZSZQ. 
The average velocity after thermal expansion, v^ ., can be written in 
terms of T
m
:
 T 
ν ж ν _J5- (16) 
Τ 0 τ 0 ' 
where TQ and VQ are the temperature and the average velocity of the gas in 
the cell before it hits the hot susceptor. Following (21,22), the diffusion 
coefficient at elevated temperatures can be written as: 
DT - v - v * 1 - 8 8 ( 1 7 ) 
m 0 
where DQ is the diffusion coefficient at the reference temperature TQ. 
Substituting (eq-15,16,17) into (eq-5,9.1i*) and using the ideal gas law for 
the (dilute) active component, the final equations for the flux N(z) at y=0 
are obtained: 
0.89 D. P. Τ .
 а и
 D Τ „„ .. 
0 < ζ < z^ Ν(ζ) = C^ jT—) ["TT7 (^г-) z ] 
0 R T
m
 h T0 V 0 h T0 (18a) 
ζ > ζ 
2.68 D 0 P 0 Τ -2.84 D0 T m 
0 «-) - - τ π - « V e x p C ^ V 4 ) z ] (18b) 
h 2 v0 , Tm ,-0.88 
w i t h z
o " - T T D ^ ^ Г ^ ' (18c) 
Note that as reference temperature for the diffusion coefficient the cold 
gas temperature Tg was taken. From the equations given above, the growth 
rate can easily be calculated using: 
G ( z ) =J L(zW L (19) 
Ρ 
where ρ is the density and M the molecular weight of the growing solid. 
2.5. TILTED SUSCEPTOR OR TAPERED CELL 
For a tapered cell or a cell with a tilted susceptor, the free height 
above the susceptor is not constant. For a tilt angle of Θ, it varies 
according to: 
h0(z) - h - ζ tge (20) 
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Here, h is the free height at the leading edge of the hot susceptor (z=0). 
The average gas velocity increases with increasing ζ according to: 
v
o,e
( z )
 "
 v
o
 (
 h - ζ tge ) ( 2 1 ) 
In the entrance region, z^ zo. m general practice ζ'tge is small in 
comparison with h. The expressions for the mass flux in this region and the 
entrance length are then obtained in a good approximation by inserting 
(eq-20) and (eq-21) into (eq-l8a) and (eq-l8c): 
0 <z i ζ 0 ( θ 
0-89 D 0 P 0 T m D ( h - ζ t g e )» τ η 8 
2
o . e - 1 + I U i
 (22C) 
h 
Following the seme lines as for a cell of constant height, integration of 
(eq-12) and insertion in (eq-llb) gives for the developed region: 
ы r ï 2 · 6 8 P0 D0 , Tm ,1.88 , 
z > г
о,
 Ν
Θ
( Ζ )
 - R т ( h - ζ tge ) ( тГ > 
m U 
2.84 D
n
 Τ .
 0 0 _ a 
* exp [ — ¡ - Д ( =2 ) 0· 8 8 ln( 1- ΐ-£*β)] (22b) 
v0 h tge т 0 h 
From this equation it follows that a constant growth rate can be obtained 
in the developed region if the proper gas flow velocity is selected in 
combination with a certain value for θ, viz. if: 
2.84 D
n
 Τ „я 
0 , m .0.88 ,_, . 
v
o - h tge ( T0
 ) ( 2 3 a ) 
Then the growth rate is: 
M 2 · 6 8 P0 D0 , Tm ,1.88 „,., 
Z > Ζ0,θ G ( Z ) * ρ RT h ( Ti Ì (23b) 
m и 
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2.6. ENTRANCE LENGTHS 
It is interesting to note that the entrance length for the 
concentration profile to develop, as given by (eq-l8c), can be expressed in 
dimensionless Reynolds and Schmidt numbers using the definitions given in 
table 1: ι ,„,
 ч 
z„ = Т Е Re Sc h (24a) 
U lb 
To arrive at this expression, the hydraulic diameter appearing in the 
expression for Re is approximated by the free height above the susceptor, 
h. Equation-24a has the same structure as the expression for the thermal 
entry length for laminar flow as given in (1,2,6): 
ζ - 0.40 Re Pr h (24b) 
Here, Pr is the Prandtl number which for gases has a value of ~0.7 at all 
relevant temperatures. Since the Schmidt number generally is -3 times 
larger than Pr for Ho and No, in the heated region the thermal (and coupled 
to that the velocity-) entry length is 2-3 times larger than the 
concentration entrance length. 
З. EXPERIMENTAL 
Experiments were performed in quartz cells with rectangular 
cross-sections. Unless otherwise stated, they were water-cooled at the top 
and air-cooled at the side walls (fig.3)· In some cases, a fully air-cooled 
design was used. The cell was resistance heated at the bottom. To maintain 
homogeneity of the temperature at the heated parts, a main/slave system 
FiK.3: Cell with top water-cooler. 
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with two independent elements was used. Additionally, an element was 
available to preheat the gases before these hit the hot susceptor. 
Preheater temperatures up to ~3500 were found not to influence the results 
in the deposition zone. For higher temperatures decomposition of reactive 
gases occured in the preheater zone. Therefore, the preheater option was 
not used in the present MOCVD-experiments. Temperatures were measured with 
a calibrated optical pyrometer at the crystal surfaces and were found to be 
constant to within ±5"C. In the present experiments, a fixed susceptor 
temperature of 700°С WEIS used. During MOCVD, an arsenic film was deposited 
at the top cell wall. Due to reflection of infrared radiation at this film, 
considerable temperature changes were observed at the susceptor in the 
course of an experiment. This effect was efficiently removed by depositing 
a metallic silver mirror at the bottom of the (top-) water cooler (fig.3). 
As susceptor a 0.2 cm thick quartz plate was used with the same width 
as the reactor cell to avoid dead volumes and possible formation of flow 
eddies between the susceptor edge and cell wall. All gas line to cell 
transitions were realized with an angle smaller than Τ to avoid eddy 
formation (23). The width of the cells was kept constant at 5·0 cm· The 
free height above the susceptor was varied from 0.8 cm to 3·8 си· A cell 
with a tapering angle of 3·50 was used with a free height at the leading 
edge of the hot susceptor of 2.1 cm. The inlet region before the deposition 
zone (fig.3) was ^14.0 cm in all cells. It was calculated that this allowed 
the velocity profile to establish in all cases (24). The hot zone suited 
for epitaxial growth was ~20.0 cm in length. The transition from the (cold) 
inlet region to the growth region at YOO" С was found to occur within 
approximately 2 cm. The position z=0, defining the leading edge of the hot 
susceptor, was taken at the centre of this zone. 
As carrier gases pure Ho and Nj were used, wi th a water and oxygen 
content below the ppm-level. Flow rates varied between 0.75 and 9 sim. As 
growth components arsine ('Phoenix-grade' from Matheson) and 
trimethyl-gallium (TMG) ('electronic grade' from Alpha Ventrón) were used, 
with an input partial pressure ratio of 15-20. The maximum TMG partial 
pressure used was 90 Pa. All experiments were performed at atmospheric 
pressure. 
Single crystalline GaAs substrates with a thickness of 250-300 um, 
{100} oriented with a misorientation of 0° or 2° towards {110} were used. 
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Misorientation, dopant type and dopant level were found not to influence 
the growth rates measurably. Before loading into the reactor, samples were 
first mechano-chemically polished. Successively they were degreased in 
ultrasonically stirred chloroform and aceton baths, dipped in a diluted HCl 
solution and extensively rinsed in pure, 0.2 um dust filtered, water with a 
conductivity of -0.1 μ Siemens. Finally, they were blown dry in a nitrogen 
stream. After growth, thicknesses of epitaxial layers were evaluated by 
cleaving the samples and etching off -0.2 um of the cross sections in a 
CrOo-HF solution under illumination (25). The latter treatment reveals the 
substrate/epitaxial layer interface excellently. The layer thickness can 
successively be evaluated under an optical microscope. Growth rates can be 
measured by this method with an inaccuracy of ±3-10%, depending on the 
layer thickness. 
Ц. APPLICATION OF THE DIFFUSION MODEL TO THE M0CVD-PR0CESS 
It is a generally accepted fact that the growth rate of GaAs during 
MOCVD in hydrogen is limited by gas phase diffusion of the Ga-component 
(e.g. 14). The arguments leading to this conclusions include the 
independence of the growth rate on temperature and partial pressure of 
arsine (Рддн ) within wide limits and the linear dependence on the partial 
pressure of trimethyl-gallium (Ртмп'· S i n c e the same arguments are valid 
when nitrogen is used as a carrier gas (26), the growth rate is concluded 
to be diffusion controlled also in this case. In the present work, the 
conclusions given above were found to hold for all axial positions in the 
deposition zone. 
TMG is known to decompose rapidly in H2 and N2 at temperatures above 
•-l\20°C and -ЗТО'С, respectively (27). Therefore, when top water-cooling is 
used decomposition is only expected in the lower part of the cell. In pure 
hydrogen, liquid gallium is formed under these conditions on both the 
quartz susceptor and GaAs substrates. In pure nitrogen, gallium droplets 
are formed on GaAs surfaces only, while on the susceptor a chemically very 
resistant (polymeric) film is deposited. Evidently, under these conditions 
the crystal surface effectively catalyzes the gallium-methyl species 
arriving at the bottom of the cell to form elemental gallium. This shows, 
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that in a N2 atmosphere the TMG molecule can not be fully decomposed in the 
gas phase, as was suggested previously (27). A similar conclusion could 
also be drawn for H2 as a carrier gas from a study of carbon incorporation 
in GaAs layers (28) and from a comparison of incorporation rates of the 
Ill-elements in III-V epitaxial layers when using various metal-organic 
compounds (29). In this work, further proove will be given to this 
conclusion. During MOCVD, both in H2 and in N2, growth rates were found not 
to be influenced by the substrate surface area upstream. This shows, that 
the TMG-decomposition rate was equal at all positions on the (hot) 
susceptor. 
From the above, we conclude that under forced laminar flow conditions, 
the theoretical model which was discussed above should be applicable to the 
present system. Although the nature of the diffusing species is not 
completely clear, in the present analysis the diffusion coefficients for 
the undecomposed TMG molecule are used. They were calculated using the 
expression for the binary diffusion coefficient (30) and physical constants 
for TMG, H2 and N2 (30,31)· In H2 and N2 the following values were obtained 
for 3ООК (also using eq-17): 
D Q 2 - 0.378 cm2/s D^2 - 0.091 cm2/s 
Since these diffusion coefficients vary approximately with the square root 
of the reduced molecular mass of the diffusing molecules, only small large 
differences for the diffusion of the various possible gallium-methyl 
species are expected. 
5. RESULTS 
In table 2 the main parameters describing the gas flow dynamics in the 
present experiments are given. In the fifth column the maximum and minimum 
input flow velocities are given which were used in a specific cell, 
calculated for a reference temperature of 3OOK. In case of water 
top-cooling, the temperature at he upper wall is assumed to be ~400Κ (7) 
and for the mean gas temperature a value of 7OOK was adopted. For the 
air-cooled cell a temperature of -7OOK was measured at the upper wall and 
for the mean gas temperature a value of 85OK was adopted. These values are 
not critical for further theoretical calculation of growth rates (eq-l8,22) 
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CELL 
A 
В 
С 
D 
В* 
h 
(cm) 
0.8 
1.8 
2.9 
3.9 
1.8 
dh 
(cm) 
1.4 
2.6 
3.7 
4.4 
2.6 
b/h 
6.3 
2.8 
1.7 
1.3 
2.8 
v0 
(cm/s: 
3.4 
10.3 
2.1 
12.2 
1.9 
5.7 
2.8 
8.7 
2.1 
9.2 
н2 
Re 
2.4 
7.4 
2.7 
16 
-
6.4 
20 
2.4 
10.6 
Ra 
15 
170 
-
1720-
2800 
40 
Gr/Re2 
3.6 
0.4 
32 
0.9 
-
58 
5.9 
9.6 
0.5 
г
І 
(cm) 
0.5 
1.6 
1.3 
7.7 
-
6.5 
20 
1.1 
5.0 
z0 
(cm) 
0.2 
0.5 
0.5 
3.1 
-
3.3 
10.4 
0.4 
2.0 
N 2 
Re 
16 
50 
19 
110 
24 
75 
-
Ra 
700 
8000 
33500 
-
-
Gr/Re2 
3.6 
0.4 
32 
0.9 
о 
8.2 
-
-
ZT 
(cm) 
3.7 
11.5 
9.7 
56 
20 
60 
-
-
ζ0 
(cm) 
0.7 
2.2 
2.2 
13 
5.2 
16 
-
-
TABLE 2; Main parameters describing the flow characteristics in the present 
experiments. B* refers to air-cooled cell; other cells are top wa­
ter cooled. Cell width (b) is constant: 5.0 cm. For further expla­
nation: see text and table 1. 
within wide (50K) limits. All parameters in table 2 were calculated for 
these temperatures using data from (32). For cell D the upper-wall 
temperature is expected to be lower than in the other cells (7). This 
influences the Ra-number considerably, as it varies with Τ (6). Since 
for cell D with H2 as a carrier gas Ra is close to the critical value of 
I7OO, for this case Ra-number values are given as calculated for upper-wall 
temperatures of 300 К to 400 K. Note that Re and the entrance lengths are 
proportional to the input gas velocity, Vg. 
From the table it is clear, that in all practical cases the Reynolds 
number is well below the limit of 23ОО, at which a transition from laminar 
to turbulent flow occurs (33)· The Rayleigh-number, however, which has a 
critical value of I7OO at which a transition from forced flow to flow with 
free convective effects is expected to occur (6,34.35) changed considerably 
in our experiments. Giling (6) found by interference holography studies 
that the Ra-number is the main parameter describing convective 
instabilities in the reactor. Therefore, in the present paper results will 
be presented for systems with low (<1700) and high (>1700) Ra-numbers, 
separately. Unless otherwise stated, experimentally determined growth rates 
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refer to the centre of the susceptor, i.e. x=0 (fig.lb). Variation of 
growth rates across the width of the susceptor are discussed in a separate 
paragraph. This paper will not deal with morphology of the grown epitaxial 
layers. It should be remarked, however, that mirrorlike surfaces were 
obtained in almost all cases. As an exception, crystals, which were grown 
in the first 2-3 cm from the leading edge of the susceptor, often showed 
features typical of low temperatures growth (36). Other aspects of MOCVD 
growth on large surface areas, such as uniformity of electrical and optical 
properties, will be dealt with in a future paper (28). 
5.1. EXPERIMENTS UNDER LOW RAYLEIGH HUMBEB CONDITIONS 
5.1.1. H2 , cell В 
In fig.4a,b and с growth rates are given as a function of input arsine 
pressure, susceptor temperature and input TMG pressure. The latter plot 
includes curves for three different axial positions. Dotted lines in these 
plots are growth rates calculated with eq-18 and -19 without a parameter 
fit. These growth rates calculated on the basis of the (diffusion) model 
agree very well with the experimental data. It is clear, that the 
experimental curves show a behaviour typical of the MOCVD-process: growth 
rates are independent of arsine input pressure and temperature within wide 
limits and vary linearly with Ртмп· ^ 1 6 fall i n growth rate above -750"С 
most probably is due to desorption of the gallium growth component from the 
surface (37). 
In fig.5 both experimental and calculated growth rates are given as a 
function of axial position in the reactor, z, for three flow rates. In 
these plots the calculated entrance lengths for the concentration profile 
are indicated. The calculated data fit well with the experimental results 
for the lower flow rates. The agreement is less, but still very acceptable, 
for higher gas velocities. From the curves it is evident that G varies 
strongly along the length of the susceptor in all cases: gas phase 
depletion causes an exponentially decaying deposition rate. 
5.1.2. ff2 and H2 , cell A 
In this cell, for both hydrogen and nitrogen as carrier gases, the 
same dependence of growth rate on Рддд • Т
д
 and PJ^Q was found as in cell В 
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for Hp. In fig.6 growth rates in No are given as a function of ζ for three 
flow velocities. Though calculated deposition rates are somewhat lower than 
those experimentally observed, it can be concluded that the agreement 
between the model and the measured data is very acceptable for the lower 
flow rates used. It should be noted in this respect that in these 
experiments the estimated maximum inaccuracy in allocation of the z=0 
position where decomposition of TMG started was -l cm. By shifting 
experimental and calculated curves over this distance, a large improvement 
in overlap can be achieved. For higher flow velocities and low values of z, 
experimental growth rates are considerably higher than those calculated on 
the basis of eq.-l8 and -19 (fig.6c). 
In hydrogen, rapid gas phase depletion occurs in this cell A (fig.7). 
This growth rate decay is much faster than in N2, since the diffusion 
coefficient of the active component is much higher in Hp than in No. Fig.7 
shows, that the decay which is predicted from the model is stronger than 
experimentally observed. Logarithmic plots of measured growth rates vs ζ 
for Z>ZQ showed straight lines for all flow velocities used. The slopes of 
these lines were k0% {±7%) of those calculated on the basis of eq-18. This 
phenomenon can be attributed to diffusion in the axial flow direction due 
to the very large concentration gradients and will be discussed in more 
detail below. 
5.1.3· Lateral homogeneity 
Growth rates were also studied as a function of the the lateral 
position χ on the susceptor (fig.lb) by placing rows of GaAs substrates 
perpendicular to the main gas flow. As a typical example, results obtained 
in cell В with Hp as carrier gas and in cell A with No as carrier gas are 
shown in fig.8. These results show that, except for the first centimeters 
on the susceptor, growth rates are constant to within ±5$ for at least 10% 
of the width of the cell. For higher gas flow velocities in cell B, this 
value was found to be slightly lower (~<ö0%). 
5.1.4. Air-cooled cell В 
In case of air-cooling, growth rates were found to decay more rapidly 
than in top water-cooled cells. As a typical example, a plot of growth 
rates vs position ζ is given in fig.9 for a H2 gas flow velocity of 6.1 
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cm/s. The logarithmic plot in the insert shows that for Z>ZQ the curve 
consists of two exponential parts. For z-values smaller than ~5 cm., the 
slope is O.13. This value is in excellent agreement with the value of 
O.I35, which is calculated from eq-18 using a mean gas temperature of 85OK 
as discussed before. For larger values of z, a slope of 0.28 is obtained 
from fig.9. This means that the term in the exponent is doubled for these 
axial positions and that the gas phase depletion is two times faster. From 
this, we conclude that in this part of the cell TMG-decomposition occurred 
at both the susceptor and the upper wall of the reactor. 
The critical position at which the doubling of the exponent occurred 
was of the same order as the entrance length for the temperature profile 
(compare e.g. fig.9 and table 2). TMG-decomposition in H T starts to be 
important for temperatures higher than -400° С and is complete at -460° С 
(27). In the present case, a temperature of 700K was measured at the upper 
wall of the cell in the developed region. Therefore, for z-values smaller 
than the thermal entrance length TMG-decomposition is only expected at the 
bottom of the cell, since the temperature at y=h still is too low (1,2). 
For more downstream axial positions, however, this reaction also occurs at 
the upper wall and depletion of the gas phase is two times faster. The 
present experimental results confirm the earlier given conclusions on the 
decomposition of TMG, viz. that this reaction only occurs at the hot 
surface and not in the gas phase. 
5.2. EXPERIMENTS UNDER HIGH Ra-NUMBER CONDITIONS 
In cells where, because of the large height, free convection vortices 
are expected to develop, growth rates were found to show similar behaviour 
with varying Рддн . T
s
 and P^JJG a s ^OT s y s t e m s with low Ra-numbers (fig.4). 
The rates predicted by the diffusion model for laminar flow, however, 
deviate strongly from those which were experimentally observed. In fig.10 
measured growth rates in H2 are plotted as a function of axial position, z, 
in cell D at x=0 for gas velocities (vg) of 2.9, 5·8 and 8.7 cm/s, 
respectively. For comparison, growth rates calculated with (eq-18) for 
VQ=5.8 cm/s are also included. 
For higher flow rates, growth rates tend to become constant in the 
upstream part of the reactor (fig.10). The same entrance effect was found 
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when N2 was used as a carrier gas, though the entrance lengths were larger. 
In all cases, the above mentioned effect occurred within in a distance from 
the leading edge of the susceptor which was of the order of the entrance 
lengths for the concentration and temperature profiles (ZQ and z^, 
respectively). 
Beyond the above mentioned entrance regions, growth rates were found 
to decay exponentially but not according to (eq-18). From logarithmic plots 
of the growth rates vs axial positions, effective diffusion boundary layer 
thicknesses, eeff· wei'e calculated for this downstream region, assuming a 
constant value of б as used in the stagnant layer model of Eversteyn and 
coworkers (13)· For all flow rates used, for both H2 and N2 as carrier 
gases, the value of i
e
ff was found to vary between 0 15 and 0.25 cm. This 
б-value, however, can only be used to describe growth rates at the centre 
line of the susceptor (i.e. x=0), since G was found to vary strongly across 
the width of the cell. This effect is illustrated in fig.11 and fig.12. 
Here, growth rates are shown as a function of axial position ζ for 
different lateral positions x, using a H2 flow of 2.9 cm/s in cell D 
(fig.11) and a 6.1 cm/s N2 flow in cell В (fig.12), respectively. For H2 in 
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cell D, neglecting small values of z, growth rates in the central part of 
the cell are lower than at the edge of the susceptor. The reverse is true 
for Np in cell B. These results show the presence of vortex motions in the 
cell, which will be discussed in more detail below. 
Under comparable experimental conditions, both from flow visualization 
experiments performed by Eversteyn (13) and holographic measurements by 
Giling (6) a much thicker split-off boundary layer was found (δ= 0.8 cm or 
more). Both from this and the strong lateral variation in growth rates we 
conclude that the presently observed effective boundary layer has no 
physical meaning, but merely is a parameter describing the decay of growth 
rates at x=0. 
5.3. EXPERIMENTS IN A TAPERED CELL 
Experiments were performed in a tapered cell with a tapering angle of 
3.5°, using both hydrogen and nitrogen as carrier gases. The free height at 
the leading edge of the susceptor was 2.1 cm. Therefore, results can be 
compared with those obtained in cell B, which has a free height above the 
susceptor of 1.8 cm (table 2). The angle of З-З" was selected as a 
compromise to achieve a reasonable input gas velocity at which the growth 
rates are expected to be constant (eq-23), and to obain a large deposition 
zone. 
Fig.ІЗ shows plots of the growth rate in H2 as a function of axial 
position for three flow velocities. The dotted lines in these plots were 
calculated on the basis of eq-22 and -19· In the entrance region (zSzg
 θ
) , 
growth rates decreased strongly with increasing z, also in this tapered 
cell. For larger values of z, growth rates became constant when the proper 
gas flow velocity was selected. The agreement between the experimental 
results and the calculated curves is very reasonable: both the form of the 
curves and the absolute values for the growth rate are predicted well by 
eq-22 and -I9. 
Under the present conditions, the lateral distribution of growth rates 
was essentially the same as in cell B, though the homogeneity generally was 
slightly less. For the highest Hp flow rates used in the tapered cell, 
homogeneous deposition to within ±3% was obtained over ~it0-50# of the 
susceptor width. Recent experiments in slightly modified tapered cells, 
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however, indicate that this homogeneity can still be improved. This subject 
will be treated in a future paper. 
Using this tapered cell has only a minor effect with nitrogen as 
carrier gas: apart from relatively small differences in absolute values oi 
growth rates, the axial growth rate distributions in the tapered cell wer« 
essentially the same as those obtained in a non-tapered cell. Additionally, 
the lateral distribution of growth rates was essentially the same in these 
two cases, viz. no homogeneous deposition across the width of the cell anc 
higher growth rates in the centre of the susceptor as compared with the 
edges. 
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6. DISCUSSION 
6.1. LOW Ra-NUMBERS: VALIDITY OF THE MODEL FOE LAMINAR FLOW 
From the results it can be concluded that in most cases a very 
aceptable fit between experimental growth rates and values calculated with 
the model has been obtained for systems with low Ra-numbers. It should be 
emphasized that despite the simplifying assumptions made in the model, 
these results were obtained without optimization of parameters. 
Perhaps one of the most important simplifications in the derivation of 
the final growth rate equations was the neglect of the Soret effect. 
Following the same lines as Bloem (38) and using theoretical data from Grew 
and Ibbs (39). the thermal diffusion effect was calculated to give an 
effective lowering of the TMG diffusion coefficient of ~20% in the present 
cases. This value was approximately equal for Ho and Np. However, from the 
present results we conclude that other simplifying assumptions such as the 
introduction of a mean gas temperature and the mean temperature dependence 
of the difusión coefficient evidently compensate for this effect. 
Also, in the present model transport of material in the flow direction 
by axial diffusion of growth species was neglected. In principle, this 
should be taken into account by introducing a term D(32C(y,z)/3z2) into the 
differential equation of mass conservation (eq-1). The solution of this 
problem, however, must be obtained numerically by computer calculations. 
Qualitatively, axial diffusion is expected to lower the concentration 
gradients in the z-direction, therewith decreasing the decay of growth 
rates downstream. In a first attempt to estimate the importance of this 
effect, mass-transport by flow (=v(y)-Ciy.z) ) and diffusion 
(=-D(3C(y,z)/3z)) were compared using the expression derived for the 
concentration profiles in the present model (eq-8) and the mean-temperature 
concept defined in eq-15 to 17· The results showed, that under the 
presently used experimental conditions in most cases the contribution of 
axial diffusion to the total transport of the active species in the flow 
direction was of the order 3_10%. This is considered to be negligible. Only 
for the case of H2 in cell A where h is small, the effect was much stronger 
and amounted to tens of percents in the relevant range of z-values (fig.7)· 
Qualitatively, from a comparison of the slopes of the curves in fig.5i6,7 
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it can also be concluded that the effect must be much larger in cell A with 
Hp as a carrier gas than for the other experiments. As a typical example, 
the contribution of axial diffusion to the total mass transport in the 
z-direction in cell A with H2 was calculated to be k0% and 15% at y=h/l6 
and y=h/4, respectively, for Z=ZQ and an input flow velocity of 5 cm/s. 
Therefore, we conclude that the deviations between the experimental and 
calculated plots of the growth rate vs ζ in cell A with H2 as a carrier gas 
are mainly due to axial diffusion of reactants. 
At higher gas velocities, some deviations from the model were observed 
for smaller values of ζ when Ντ was used as a carrier gas (fig.6c). 
Additionally, in this region lateral variations in growth rates were 
observed to be much more pronounced than for larger values of ζ. From table 
2 it is clear that these cases are characterized by relatively high Ra 
numbers approaching the critical value of I7OO in combination with long 
thermal entrance lengths covering a large part of the hot susceptor. 
Therefore, the above mentioned deviations can be attributed to 
instabilities in the entrance zone, which will be discussed in more detail 
in the next paragraph. 
The equations for the growth rate in a laminar flow system (eq.18,22) 
are, in principle, only valid for the two-dimensional case of two 
semi-infinite parallel plates. A cell with a rectangular cross-section can 
also be considered as a two-dimensional system if the following 
requirements are fulfilled. First, lateral concentration gradients should 
be small, so as to minimize diffusion in this direction. Secondly, the gas 
flow velocity must be constant in the lateral direction. Finally, free 
convective motions which can cause differences in the supply of grwoth 
components laterally (15), should be unimportant. As to the first 
requirement, it was shown above that for a large part of the cell-width 
growth rates are constant (compare fig.8). From this we infer that lateral 
diffusion effects will, at least in these regions, not play an important 
role. As to the second point, the gas velocity can be calculated as a 
function of lateral position χ using an empirical expression derived by 
Holmes and Vermeulen (40). The results are shown in fig.l4 for the four 
rectangular cells used in the present study. The tapered cell must be 
compared with cell В at the leading edge of the deposition zone and with 
cell A at the outlet position, z=20 cm. The shapes of the profiles shown in 
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Fig.!1*: Lateral distribution of gas velocities according to (Ί0) in the four 
rectangular cells used in the present study (A,B,C,D). v=gas velocity; 
а
*швхіт\ш gas velocity for a specific height above the susceptor (y). 
fig.14 strongly depend on the aspect ratio, b/h. For this discussion of 
results obtained in low Ra-number systems, only cells A and В are relevant 
(table 2). For these cells, which have aspect ratios of 6.3 and 2.8, 
respectively, it can be seen in fig.14 that the gas velocity is constant to 
within 3% in a region covering -752 and ~50% of the total cell-width, 
respectively. Growth rates were indeed observed to be constant within the 
experimental error in these regions. For cell B, the homogeneity was 
slightly better than theoretically expected for lower gas velocities 
(fig.8a). 
From these experimental results it is concluded that the lateral 
distribution of growth rates is determined by the lateral profile of the 
forced flow velocity in these low Ra-number systems. This implies, that 
free convective motions are not important. Giling's holographic experiments 
(6) showed, that isotherms are perfectly parallel to the susceptor and gas 
flow patterns are very stable under the present conditions. From this it 
was concluded that in the part of the cell where flow- and temperature 
profiles are developed, free convective motions are not important. Very 
recently, Houtman and co-workers (11) showed, that still vortex rolls may 
be present in these systems. These motions, however, did not affect 
temperature distributions because of the high thermal conductivity of the 
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hydrogen gas. Similarly, from the present work it can be concluded that if 
free convective motions are present, they do not affect mass-transport by 
diffusion and forced flow under low Ra-number conditions. Therefore, for a 
consideration of growth rate distributions the flow may be assumed to be 
effectively forced laminar. 
The results from this study show that depletion of the active growth 
component by homogeneous gas phase reactions is not important under the 
conditions which were presently used; such a mechanism would lead to other 
diffusion processes (e.g. Ga-diffusion to the cold upper wall in case of 
top-cooling) and gas phase depletion characteristics. Partial decomposition 
of the TMG-molecule in the gas phase can not be excluded, however, but the 
final step involving the formation of atomic Ga must occur at one of the 
hot walls. Yoshida and co-workers (27) concluded that TMG-decomposition in 
H2 is a homogeneous first order reaction. Their results also can be 
explained, however, by a heterogeneous reaction and an equation similar to 
(eq-18). From the present results, no further conclusions can be drawn 
concerning the exact nature of the diffusing species. The differences which 
are expected in the diffusion coeffiecients of the various possible Ga-Me 
species (láxS3). do not allow further discrimination. 
6.2. HIGH Ra-NUMBERS: EFFECTIVE VORTEX FORMATION 
As was shown in the results section, for conditions characterized by 
high Ra-numbers there is no good fit between the predictions from the 
present model and the experimental observations. The lateral variation of 
growth rates clearly shows the presence of strong vortex motions in the 
cell (15). For cell D with H2 as carrier gas, in the entrance part of the 
deposition zone the lateral growth rate distribution is indicative of a 
negative vortex motion (I5) (fig.11) with a more effective supply of 
reactants at the centre of the cell. In the developed region, a positive 
vortex motion must be assumed with a lower growth rate in the centre of the 
cell. Such development of vortex motions is illustrated in the inserts in 
fig.11: in the entrance region negative vortex rolls predominate and 
positive rolls are generated near the side walls. The latter become more 
important for increasing ζ and are stable in the region where temperature 
and flow profiles are developed. These ideas are in accordance with results 
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obtained from numerical computations by Houtman and co-workers (11). 
The entrance length for a stable vortex motion to develop can be 
expected to be of the order of the entrance lengths for the velocity- and 
temperature profiles. This was indeed experimentally observed (compare e.g. 
table 2, fig.11). For the case of N2 in cell B, as is demonstrated in 
fig.12, a negative vortex motion is observed over the whole length of the 
cell. Possibly, this is caused by the long entrance lengths under these 
conditions (table 2), so that the positive vortices will only become 
predominant at z-values larger than the susceptor length. Alternatively, 
the temperature distribution at the cell boundaries may favor negative 
vortex motions. It should be noted that under comparable conditions Giling 
(6) also found a stable negative vortex for Np along the whole susceptor 
length, which is in agreement with the present observations. 
In the entrance region also return flow of gas due to rapid expansion 
of cold gas hitting the hot susceptor (16,23) and so-called cold finger 
effects at high gas velocities (6) may occur. Therefore, epitaxial layers 
should not be grown in this highly unstable region with possible large 
fluctuations in temperature, flow velocities and, consequently, growth 
rates. Another disadvantage of the return flow effects is the large gas 
memory which is introduced. This is a severe drawback when sharp 
heterojunctions have to be grown. 
6.3. CHARACTERIZATION OF THE FLOW 
From a comparison of the results obtained in systems with low and high 
Ra-numbers, it can be concluded that this dimensionless number indeed 
provides a good criterion for the prediction of deposition characteristics. 
From the present results it can be concluded that the critical value must 
be between ~700 and -I7OO to 2800. This is in reasonable agreement with the 
critical value of -I7OO, which was defined in previously published 
theoretical and experimental work (6,3^.35)· Some authors (3.5) suggested 
to use the ratio of Grashof number and squared Reynolds number, Gr/Re2, to 
desribe the flow characteristics. In the present work no relation between 
the flow and deposition characteristics and this ratio was found. Table 2 
shows, for example, that the value of Gr/Re2 is equal for ^ з11^ N2 ^п c e ^ 
B. However, the growth rate distributions in this cell and, consequently, 
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flow characteristics are markedly different (fig.5,8,12). These were 
concluded to be dominantly forced laminar and free convective with vortex 
formation, respectively. In addition, for cell A the Gr/Re2 ratio predicts 
a mixed flow for all conditions presently used (3, table 2). Lateral growth 
rate distributions, however, could be explained by assuming forced laminar 
flow characteristics under all conditions. Therefore, we conclude that the 
Gr/Re2-ratio does not provide a good criterion to describe the flow and 
deposition characteristics. 
6.4. REMARKS ON CELL DESIGN 
In the present work, only cells with rectangular cross-sections were 
used. The main reason for this was that in such cells temperature gradients 
across the susceptor width are minimized (6). Thus, by using a top-cooling, 
a very stable pattern of isotherms running parallel to the susceptor can be 
obtained under forced laminar conditions. From the growth results it can be 
stated that flow conditions characterized by high Ra-numbers (>~1700) 
should be avoided, because apart from instabilities and return flow effects 
in the entrance region, lateral growth rate variations are large for all 
axial positions due to strong (free-convective) vortex motions. 
To minimize unwanted gas phase depletion, the cell should be 
top-cooled at a temperature below -350"С. Above this value, 
TMG-decomposition is initiated (27). In the present work, water top-cooling 
(~300K) was used. When growing thick GaAs layers, however, in some cases 
dust problems appeared for larger values of ζ due to an accumulation of 
arsenic condensates at the cold upper wall. Most probably, this can be 
avoided to a large extent by using a higher top-cooling temperature. This 
may have additional advantages, such as a lowering of the Ra-number and a 
decrease of arsenic memory effects when growing multilayer structures with 
varying V-elements. These effects will be subject to future studies. 
In order to obtain a constant layer thickness on large surface areas, 
two further requirements should be fulfilled. A constant growth rate in the 
axial direction can be obtained when a tapered cell, or, alternatively, a 
titled susceptor, is used in combination with the proper gas velocity 
(eq.23). Good lateral homogeneity over T0% of the cell width can be 
achieved when the aspect ratio b/h is larger than ~k. 
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A special problem may arise when ternary or quaternary III-V crystals 
containing more than one Ill-element are grown by MOCVD. If these 
Ill-elements diffuse independently to the hot susceptor, also the gas phase 
depletion of these species will be independent. As a consequence, 
compositional grading of the epitaxial layers may be expected in the axial 
direction (z) in such cases if the diffusion coefficients of the species 
involved are quite different. The same remark can be made for dopants, when 
their incorporation in the epitaxial layers is diffusion controlled. These 
effects will also be subject to a future study. 
It should be noted that apart from the specific recommendations 
discussed here, general flowdynamic considerations should be taken into 
account when constructing a reactor cell, including minimization of dead 
spaces, avoiding obstacles which can produce flow-eddies and minimization 
of angles (<7<l ) when dimensions are changed. Those factors become 
especially important when multilayer structures with sharp interfaces have 
to be grown, because they may cause severe memory-effects. 
7.CONCLUSIONS 
From this work the following conclusions for horizontal epitaxial 
cells can be drawn. 
1. For the characterization of flow: 
- The Rayleigh number is a good criterion for the characterization of 
the flow and growth rate distributions under non-turbulent (Re<2300) 
conditions, both for Hp and N^; For Ra<-700 (this work) the flow is 
dominantly forced laminar; For Ra>~1700-2800 (this work) free convective 
effects are important and strong vortex motions are present. Large 
entrance effects are often observed; 
- The Gr/Re2 ratio is not a reliable measure to characterize the flow. 
2. As regards the present theoretical model: 
- A good fit between experimental MOCVD results and calculations on the 
basis of the model was obtained for low Ra-number systems (<~-700), both 
with Np and Hp as carrier gases; this gives further prove that the 
growth in MOCVD is indeed controlled by diffusion of the Ill-component. 
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- For high Ra-numbers no good fit could be obtained. Due to vortex 
motions supply of reactants can be increased or decreased, locally; 
- In diffusion-controlled systems a concentration entrance length can be 
important, especially for higher flow velocities. Here, growth rates do 
not decay exponentially with the axial position, but (as follows from 
the present model) with a 1/3-power law. 
3. TMG-decomposition mechanism in MOCVD: 
- TMG-decomposition is not complete in the gas phase. At least, removal 
of the last methyl group must occur at a hot, 2~700K, cell boundary. 
4. Cell-design for growth of layers with a constant thickness on large 
surfaces : 
- Low Ra-number conditions should be chosen; 
- A top-cooled cell should be used to minimize depletion on the 
relatively hot, air-cooled, top; 
- A tapered cell (or titled susceptor), in combination with the proper 
gas velocity, will give excellent axial growth rate homogeneity; 
- Aspect ratios larger than -4 will provide good lateral growth rate 
homogeneity for over 70% of the susceptor width. 
A general conclusion from this work is that a study of growth rate 
distributions as a function of place on the susceptor can give very 
valuable information on properties of the flow and the epitaxial growth 
mechanism. 
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CHAPTER 9 
INFLUENCE OF GROWTH HISTORY ON 
THE INCORPORATION OF RESIDUAL 
IMPURITIES IN GaAs GROWN BY MOCVD 
J. van de Ven, H.G. Schoot and LJ. Giling 
Journal of Applied Physics, submitted 
INFLUENCE OF GROWTH HISTORY ON THE INCORPORATION OF 
RESIDUAL IMPURITIES IN GaAs GROWN BY MOCVD. 
ABSTRACT 
The incorporation of impurities in GaAs epitaxial layers grown from 
TMG and AsHo has been studied in detail by varying a large number of growth 
parameters. These include the V/III-ratio, temperature, the axial position 
in the reactor, gas sources, substrate and susceptor material, carrier gas, 
substrate misorientation and the crystallographic orientation of the 
substrate. As main characterization techniques photoluminescence and Hall-
van der Pauw measurements have been used. Donor and acceptor concentrations 
in the layers have been found to vary not only with temperature and 
V/III-ratio, but also with the axial position in the reactor, giving rise 
to p/n transitions and maxima in the carrier mobility. The V/III-ratio is 
shown to be effectively constant for larger axial distances in the cell. 
Highly doped substrates have been found to give rise to outdiffusion of 
defect-complexes into the layers. The main acceptor impurities found in 
this work are zinc, silicon and carbon. They are shown to originate from 
the TMG gas source, the hot quartz parts in the cell and the TMG growth 
component, respectively. Incorporation of these elements appears to be 
orientation-, and in the case of carbon also misorientation-, dependent. 
The results for {001} and misoriented {001} surfaces are discussed on the 
basis of two models for impurity incorporation: Сд -acceptors are concluded 
to be incorporated by a trapping process at growth steps, whereas ZnQ
a
, 
Зід and residual donors most probably incorporate via equilibrium 
processes. Especially the conclusions from a study of the influence of the 
misorientation are important for this interpretation. 
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1. INTRODUCTION 
Recently, several studies have been performed to improve the purity of 
epitaxial GaAs layers grown by MOCVD (e.g. 1-5)· The main aim of these 
works was to identify the nature of the residual acceptors and donors, to 
locate their sources and to define optimum growth conditions. Therefore, 
growth parameters and gas sources were varied. Generally, the growth 
parameters which were changed were the temperature and the concentration 
ratio of gases bearing the V- and Ill-growth components in the input gas 
mixture (hereafter called V/III-ratio). In a recent study, also the 
substrate orientation and carrier gas were varied (6). It appeared that, 
generally, the main limiting factor for the final quality of the layers 
after optimization of the growth temperature and the V/III-ratio, was the 
purity of the starting materials (e.g. 1,4). In all of these studies, 
however, the number of variables was limited and the influence of several 
growth parameters remained unclear. Therefore, we decided to combine all 
growth parameters and to study them in one set of experiments. As in this 
work GaAs epitaxial layers were grown in a horizontal reactor from TMG and 
AsHo, the growth parameters can be divided into four main groups, viz. (i) 
'real' growth parameters (V/III-ratio, temperature), (ii) axial position in 
the reactor, (iii) gases and materials (carrier gas, TMG and AsHo sources, 
susceptor and substrate material) and (iv) the substrate orientation and 
misorientation. 
2. EXPERIMENTAL 
Epitaxial layers were grown at atmospheric pressure in a horizontal 
rectangular reactor cell with water cooling at the top (fig.l). The 
internal dimensions of the cell were 5-0 cm (width) and 1.8 cm (free 
height). A resistance heater was used with two independent elements to 
maintain temperature homogeneity at the susceptor to within ±5°С The 
growth temperature (T ) was measured at the substrate surface with a 
calibrated optical pyrometer. During a growth cycle, an arsenic film was 
deposited at the cold top wall. To avoid an increase in temperature during 
an experiment due to reflection of radiation at this film, a silver mirror 
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hwr mirror 
FJK.l: Schematic drawing of the reactor cell. 
was deposited at the bottom of the water cooler (fig.l). The heated part of 
the cell was 20 cm in length; the entrance region of the cell, in which the 
room temperature laminar flow profiles are formed, was 12 cm long. 
Unless otherwise mentioned, experimental conditions refer to the 
following standards: quartz susceptor; free height above the susceptor 
1.8 cm; 3 slm Hp-flow as carrier gas; sample position 8 cm from the leading 
edge of the hot susceptor; trimethyl gallium (TMG) partial pressure 
0.6 0/00, giving a growth rate of 10 um/hr; growth time -0.5"! hour; 
substrates were Cr-doped, semi-insulating (s.i.), Horizontal-Bridgman grown 
GaAs, oriented 2° off {001} towards {011}. 
Samples were first mechano-chemically polished. Successively they were 
degreased ultrasonically in chloroform, aceton and iso-propanol baths. 
After extensive rinsing with water, they received a dip in a Ί vt'/í HCl 
solution and were again extensively rinsed with HpO. Finally, they were 
blown dry in a pure No stream. After loading the substrate into the 
reactor, the system was allowed to stabilize at 200°С under Hp flow for 
~1.5 hr. Subsequently, the cell was heated to the desired temperature under 
arsine flow and allowed to stabilize for -10 min before TMG was let into 
the reactor. After stopping the TMG flow (i.e. the growth), samples were 
kept -2 min at the growth temperature under arsine flow before cooling. 
Between growth rvms, the cell and susceptor were generally cleaned in situ 
at 800°С in a 0.5-1% HCl in H2 flow. In some cases, several substrates with 
different specifications were grown in one growth-cycle at the same axial 
position. In these cases it was also checked that the lateral position in 
the cell did not influence the results. This was done by changing the 
lateral position of the substrates in duplicate and triplicate runs. 
All gases used were of electronic grade with 99-9999% purity. The H2O 
and O2 content of the carrier gases (Ho and No) was below -0.1 ppm, as 
measured by 'Panametrics' water probes and Hersch cells. TMG was obtained 
from 'Alpha-Ventrón'. According to the specifications of the manufacturer, 
the TMG sources contained silicon and zinc impurities in maximum 
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concentrations of the order of 1 and 0.2 ppm, respectively. Arsine was 
obtained from 'Matheson' and was of 'Phoenix Grade' quality. All chemicals 
used were of analytic quality and were dust-filtered for 0.2 um particles. 
The conductivity of the water which was used was lower than 0.1 uSiemens. 
Photoluminescence (p.l.) spectra were recorded using the 514-5 mm line 
of an Argon laser as excitation source and were analyzed with a 
monochromator coupled to a detector with an S-l response. Spectra were 
corrected for the detector sensitivity. Sample temperatures were varied 
from 2K to BOOK. Excitation intensities (I
e x
) varied from 10 ^ W/cm2 to 
10 W/cm2. Unless otherwise stated, all spectra and emissions discussed 
refer to a temperature of 4.2K and an excitation intensity of 1 W/cm2. In 
some cases, p.l. measurements were performed at several depths from the 
original crystal surface. This was achieved by successively etching the 
samples in а Н250/,/Н202/Н20 etchant (by vol.5:1:1) at 60°С 
The intensity of a p.l. line relative to the bound exciton (BX) lines 
was taken as a measure to compare concentrations of an impurity in 
different samples. Here, it was checked that the laser excitation intensity 
was low enough to avoid saturation of emission lines (7)· Spectra of 
several samples are generally combined in the figures. The intensity scale 
(in arbitrary units, a.u.) is the same for all emissions from one single 
sample, unless a magnification factor is given. 
All samples were also studied for their electrical behaviour. Hall 
measurements were performed using the Van der Pauw technique. From the 77K 
carrier concentration and Hall-mobility, the total concentrations of 
ionized donors and acceptors were determined using Rode's calculations (8). 
When conducting substrates were used, carrier concentrations in the 
epitaxial layers were determined from capacitance-voltage measurements. 
З. IDENTIFICATION PROCEDURE OF PHOTOLUMINESCENCE LINES 
In the photoluminescence spectra which where recorded in this study, 
three relevant ranges of emission energies could be distinguished. In the 
first range between 1.507 eV and I.516 eV, emissions due to free excitons 
(FX) and excitons bound to an impurity (BX) were observed. The latter group 
could be divided into three subgroups, viz. excitons bound to (i) neutral 
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and ionized shallow donors ((D'X) and (D +X), respectively), (ii) neutral 
shallow acceptors (A'X) and (iii) centres related to deep levels in the 
forbidden gap (dX) (9-11)· Differences in emission energies for various 
impurities within one of the three subgroups were small as compared with 
line widths and, therefore, did not allow for a further identification of 
residual acceptors and donors. Bound exciton recombinations in which the 
impurity is left in an excited state, such as two-hole (ΊΉ-) transitions 
(12,13), were not found. These can only be observed in materials of the 
highest purity and are not expected in materials grown under widely varying 
conditions which, consequently, have strongly different impurity contents. 
The second range of emission energies runs from -1.475 eV to 1.^95 eV 
and contains conduction band-acceptor (e-A0) and donor-acceptor (DG-A°) 
transitions. These are most important to identify the nature of the 
residual shallow acceptors (9). Since overlap of (e-A") and (D'-A") 
emissions due to different acceptors may generally occur, spectra were 
studied as a function of p.l. temperature (T -, ) and excitation intensity 
(I
e x
). When the temperature is increased from 4.2Κ, (D'l-A0) transitions 
will be thermally quenched. Consequently, at elevated Τ -, (e-A" ) 
transitions will dominate the spectrum (14). When the excitation intensity 
I
e x
 is increased, (e-A0) transitions will dominate due to saturation of 
(В"-A") recombinations. Additionally, most probably due to electrical 
screening effects of distant donor-acceptor pairs, (D'-A0) emission lines 
become narrower and shift to higher energies with increasing I
e x
. In 
contrast, the (e-A0) transitions show a much smaller energy shift. An 
example of such an identification procedure is shown in fig.2. In fig.2a 
the temperature dependence of the p.l. spectrum in the (e-A0)/(D0-A0) range 
is shown. With increasing Τ η , the relative intensity of emission A in 
fig.2a strongly decreases. Fig.2b shows that the relative intensity of this 
band also decreases with increasing excitation intensity, while 
simultaneously a shift to higher energies of ~2 meV is observed. Therefore, 
emission A can be attributed to a (D,l-A^) recombination. Fig.2 shows that 
band С becomes more important with increasing temperature and excitation 
intensity. Additionally, with increasing I only a moderate shift of -0.5 
meV of the luminescence maximum is observed. From this, we conclude that 
emission С can be ascribed to an (e-A^) transition. Band В shows an 
intermediate behaviour and shifts -1 meV with increasing I . Therefore, it 
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is attributed to the unresolved (e-A|) and (Dl>-A5>) recombinations involving 
the two acceptors which also caused emissions A and C, respectively. 
After such an identification of the p.l. emission lines, the 
corresponding acceptor ionization energies (E.J were calculated from the 
a 
luminescence maxima of (e-Α0) emissions (E
e m
) using Eagles' rule (15): 
= E - E
a +
 1/2 к Τ ^ (1) 
Here, E is the band-gap energy, к is Boltzmann's constant. The value of E 
ь S 
at the measuring temperature Τ ^ was calculated from the shift of BX 
lines as compared with their position at 4.2K, where E^ is 1.5194 eV. 
Inserting the 22K emission maxima for band A and В (1.4933 eV and 1.4899 
eV, respectively) and the band gap energy at this temperature (I.519O eV) 
into eq-[l], acceptor ionization energies of 26.6 meV and 30.0 meV are 
calculated, respectively. These energies correspond most closely to those 
of Сд
д
 and ZnQ
a
, respectively (9). and therefore were identified as such. 
The above described procedure was used to identify emissions in this p.l. 
energy range throughout this work. 
In the remaining third range of emission energies from -I.I5 eV to 
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1.46 eV, L.O. phonon replicas were found at 36 meV and 72 meV of the 
zero-phonon (e-A0) and (D'-A") lines. Additionally, p.l. emissions due to 
acceptors with higher ionization energies, such as CUQ«, and some 
native-defect complexes, such as CUQ - д and SÌGa_vGa' were measured in 
this range. These were identified from known literature data and are 
discussed further below. 
4. RESULTS 
k.l. INFLUENCE OF V/TTI-RATIO AW TEMPERATURE 
4.1.1. Electriaal measurements 
From the electrical evaluation of the epitaxial layers grown at 
different temperatures and V/III ratios the following results were obtained 
(table I): 
1. For growth temperatures below -660°С epitaxial layers were p-type for 
all V/III-ratios studied. For Τ ¿700°С all layers were η-type. In the 
intermediate temperature range (660°С < Τ < 700°С), the conduction type 
changed from p- to η-type with increasing V/III-ratio. As is clear from 
table I, the difference between concentrations of ionized donors and 
acceptors (Мр-Мд) increased with an increase in both V/III-ratio and 
temperature during growth. 
2. At Τ =700IIC a maximum in the carrier mobility was obtained for a 
V/III-ratio of -10. The total number of ionized impurities (ND + N A) must, 
therefore, be at a minimum for this ratio. This is reflected in fig.3: both 
the total acceptor and donor concentrations pass through a minimum for this 
ratio. For lower V/III-ratios, the decrease in the acceptor concentration 
with increasing V/III-ratio dominates the variation of the net carrier 
concentration. For the higher ratios, the increase in donor concentration 
with increasing V/III-ratio is more important. 
3. The data in table I show that for all V/III-ratios studied a p/n 
transition and a maximum in the carrier mobility occurred with an increase 
of the growth temperature between ббО'С and 700"С. This p/n transition 
shifted to a higher temperature for a lower V/III-ratio. Since the optimum 
mobilities did not vary strongly, it is concluded that the total impurity 
166 
Flg.3: Net (η-type) carrier concentration (Ир-Ид) and the total ionized acceptor 
(NA) and donor (Np) concentrations in epitaxial layers grown under standard 
conditions at 700*0 with different V/III-ratios. 
\ V/111 
v\ 
( • C ) \ 
660 
685 
700 
770 
Ί 
p=1.6 χ 1 0 1 6 
U77=2335 
(Р) 
η=9·3 χ io 1 1 * 
U77=3í|110 
n=3.8 χ I O 1 6 
U77=5609 
10 
p=3.5 χ I O 1 5 
u77=3380 
p<10 1 3 
high ohnic 
n-9.7 x Ю1*4 
u7 7=H9950 
η = Ί . 5 χ I O 1 6 
U77=2563 
16 
(Ρ) 
n . 9 χ I O 1 " 
U77«48000 
n = l . 7 χ i o 1 5 
U77=ii0370 
(n) 
30 
p=1.7 x I O 1 5 
1177=2068 
n = l . l χ I O 1 5 
U77=l(1200 
n=3.1) χ I O 1 5 
U77.2734O 
η=ί| .9 χ 1 0 1 6 
U77=3553 
TABLE Ij. Electrical data obtained at 77K for various V/III-ratios and growth 
temperatures. Indicated are conduction type (ρ/η), carrier concentration (cm~3) 
and Hall-mobility u (cm /Va). 
concentration in the layers at optimum conditions is also rather constant 
for this temperature range. 
Ц. For crystals grown at temperatures above -y^O'C, high η-type carrier 
concentrations were measured (table I). This will be discussed further 
below. 
167 
In order to study the nature of the impurities responsible for these 
electrical characteristics in more detail, photoluminescence measurements 
were performed. 
4.1.2. Photolwnineeaenoe reeults 
In fig.4,5i6 spectra are shown as measured for epitaxial layers grown 
at various temperatures and V/III-ratios. These results are discussed below 
for the three main ranges of emission energies which were defined before. 
In fig.4c and fig.5b, p.l. spectra in the exciton energy range are 
given. These spectra reflect the electrical behaviour discussed above: with 
a net increase of the donor concentration at high V/III-ratios and 
temperatures, the intensity of the donor-bound exciton peaks (D0X) and 
(D+X) increased relative to the acceptor-bound (A'X) emission. For 
temperatures above ••7400 С, line broadening occurred due to the strong 
increase in carrier concentrations and (0вХ)/(П+Х) peaks were not resolved. 
Crystals grown at 630'С clearly showed so-called defect-induced bound 
exciton lines (dX) in their p.l. spectra (fig.5b) with maxima varying from 
I.507-I.5II eV. The intensity of these emissions strongly decreased with 
W9 ISO 
•ntrgy(tV)—» 
Fig ·^ : P.l . apectra from epitaxial layara grown under standard conditions at 
700'С with the V/III-ratio as parameter, a: 1.30eV-l.I|0eV range; b: (e-A1) and 
(D'-A') range; c : exciton range. 
16Θ 
Τ­
Ι 50 151 
energy (eV )—» 
Flg.5: P.l. spectra of epi-layers grown under standard conditions with V/III=10 
at different temperatures. The conduction type of the layers is indicated. 
a: (e-Α·) and (D·-A') energy range; b: exciton range. 
-|—ι—ι—ι—ι—ι—ι—•—ι—ι—|-
ue US 150 
energy (eV )—t 
Fig.6: P.l. spectra in the (e-A·) and (D'-A· ) energy range of layers grown at 
770*0 with different V/III-ratios. The intensity units of these spectra are 
normalized with respect to their respective BX lines in order to enable a direct 
comparison. 
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increasing growth temperatures above 650°С and with increasing 
V/III-ratios. These results confirm earlier observations by Roth and 
coworkers (11). From previous MBE work (10,16), it was concluded that the 
(dX) emissions are related to native defects or complexes with impurities. 
In the present work, no unambiguous correlation with other emissions was 
found and, therefore, a more precise identification cannot be given. 
Spectra from the middle energy range (-1.475 eV - 1.495 eV) are 
presented in fig.^b, 5a and 6. In this energy range, epi-layers grown at 
temperatures below -γΊΟ'Ό revealed two shallow acceptors (fig.4b,5a). 
Following the procedure described before, these acceptors were found to 
have ionization energies of 26.6±0.2 meV and 30.010.3 meV and were 
identified as C A S and Zn^, , respectively (9). The p.l. emissions related to 
these species behaved as follows: 
1. For growth temperatures between 620°С and 740°С, the intensity of the 
Сд -related emissions decreased relative to the Zno lines with increasing 
V/III-ratio. This is illustrated for Ί =700°C in fig.4b: the (e-A0) 
emission due to Сд at 1.493 eV (4.2K) disappears with increasing 
V/III-ratio and for a V/III-ratio of 30, only the (D'-A0) recombinations 
involving ZnQ
a
-acceptors at 1.488 eV are observed. This behaviour is in 
agreement with the variation of the acceptor concentration shown in fig.3: 
for relatively low V/III-ratios Сд is the most important acceptor. Its 
concentration decreases with increasing V/III-ratios, whereas the ZnQ 
concentration increases. 
2. The temperature behaviour of Сд -incorporation is as follows: for 
crystals grown below -685"C, the (e-Α0) and (D'-A0) emissions due to 
^g-acceptors were only observed for low V/III-ratios (S ~10), but not for 
higher V/III values. For higher growth temperatures the Сд -related p.l. 
lines became larger and were also observed for higher V/III-ratios 
(fig.4b,6). From this it can be concluded that the incorporation of carbon 
acceptors increases with increasing growth temperatures and decreasing 
V/III-ratios. These observation are in agreement with recent work by Roth 
and coworkers (4) and Kuech and coworker (6). 
3. For the incorporation of zinc, three temperature ranges could be 
discerned, (i) Crystals grown at ббО'С and lower gave large p.l. lines 
related to 2п
С а
 for all V/III-ratios used (fig.2,5a). (ii) For growth 
temperatures between 660°С and -740°С the intensity of these ZnGa-peaks 
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strongly increased with an increase in the V/III-ratio (fig.4b). (iii) No 
emissions related to zinc were observed for growth temperatures above 
-yifO'C (fig.5a). This temperature dependence of zinc-incorporation 
resembles an adsorption behaviour and is very similar to that found in 
doping studies with di-ethyl zinc and di-methyl zinc (17). Most probably, 
one of the gas sources is the cause for the zinc contamination in the 
present system. The TMG source is the most likely candidate, since, 
according to the manufacturers specifications, a 0.2 ppm residual zinc 
concentration is present in this material. The V/III dependence of the zinc 
incorporation also could be explained by assuming arsine as the source for 
this impurity: an increase in the V/III-ratio is effectuated by increasing 
the arsine (and therewith the zinc) partial pressure, while keeping Р'щц 
constant. However, in doping studies where zinc was deliberately added to 
the gas system in higher concentrations, a similar dependence of zinc 
incorporation on the arsine partial pressure was found as in the present 
work (18). Therefore, an explanation in these terms is improbable and is 
not considered further. 
For crystals grown at temperatures above -740°C, a third acceptor with 
an (e-A0) line at 1.4853 eV (20K) was observed (fig.5a,6). This emission 
energy corresponds to an ionization energy of 34.6 meV, which can be 
attributed to either Si A s (34.5 meV) or Cd G a (34.7 meV) acceptors (9). 
Since this p.l. line was found to decrease with increasing V/III-ratio 
(fig.6), the SiAs-acceptor which substitutes for arsenic sites in the 
lattice seems a more likely candidate than CdQ
a
, which substitutes for 
gallium sites. In addition, it was shown above that for these growth 
temperatures above -Т^О'С, simultaneous with the appearance of the above 
discussed acceptor emissions in the p.l. spectra, high η-type carrier 
concentrations were obtained (table I). Therefore, we conclude that at 
higher growth temperatures the silicon contamination from the system is 
strongly increased: since silicon is an amphoteric element in GaAs it will 
be incorporated on both gallium (donor) and arsenic (acceptor) sites in the 
lattice. It will be shown later in this paper that the hot quartz susceptor 
is the main source for the silicon impurities. 
In the low energy range of the spectra, emissions were observed at 
І.356 eV, І.347 eV and I.32O eV (fig.4a). The 1.356 eV line, with a first 
phonon replica at 1.320 eV, can be attributed to CuQ
a
-acceptors. The 1.347 
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eV line weis studied in our previous work (19) and is related to C uGa~ VAs 
complexes. Fig.^a shows that the emission related to this complex 
dominated over the elemental CUQ -peak for low V/III-ratios. With 
increasing V/III-ratio, the 1.356 eV (CUQ ) line became more important and 
was the dominant emission at V/III-ratios above -20 at 700°С. This result 
clearly shows that the epitaxial layer becomes richer in arsenic with an 
increase of the V/III-ratio. Since copper is known to produce very 
efficient p.l. centra (19) and the copper-related emissions are relatively 
weak in the present work, the influence of copper impurities is considered 
to be negligible in the discussion of electrical properties of the 
epitaxial layers. 
¡І.2. INFLUENCE OF THE AXIAL POSITION IN THE REACTOF 
As was shown in an earlier paper (20), growth rates in horizontal 
MOCVD reactors decrease with the distance from the leading edge of the hot 
susceptor (z). This is caused by gas phase depletion of the TMG growth 
component. In contrast, the decomposition of arsine is kinetically 
controlled and catalyzed by the GaAs surface under the present conditions 
(21,22). Consequently, arsenic pressures may be expected to be higher for 
more downstream positions on the susceptor. Both factors lead to an 
increase in V/III-ratio in the flow direction. The situation is more 
complicated, however, because arsine decomposition products condense on 
the cold (top-cooled) wall, thereby causing gas phase depletion of arsenic 
as well. Therefore, a priori no definite statements can be made on the 
effective arsenic pressure and V/III-ratio above the susceptor as a 
function of axial position. Effectively, however, a variation of the 
V/III-ratio with ζ may be expected. As a second effect of increasing z, 
the concentration of impurities originating from the susceptor may be 
expected to increase. Impurities from the gas sources, however, may show 
depletion effects comparable to TMG. 
To study the influence of the effects discussed above, GaAs layers 
were grown at various axial positions on the susceptor with growth 
temperatures between 660°С and TOO" С and V/III-ratios from 5 to 30. As the 
temperature profile in the gas phase has to establish, there is a slight 
temperature difference between the samples close to the beginning of the 
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hot zone and positions at higher z-value. The maximum temperature increase 
from the first sample (at z=2.5cm) to the last (at z=l8cm) was -10°C. The 
p.l. and electrical results obtained with Τ =700°С ειηά V/III=10 are given 
in fig.7 and table II. These results are typical for all experiments. In 
the insert of fig.7. the growth rate is plotted as a function of axial 
position, reflecting TMG depletion in the gas phase. 
1.52 
Fig.7: P.l. spectre оГ epi-layers grown at different axial positions (z) under 
standard conditions at TOO'C with a V/III-ratio of 10. a: (e-A" ) and (D 0-A 0) 
emissions; b: exciton range. 
In the insert, the growth rate (G) is plotted as a function of z. 
ζ (cm) 
2.5 
5 
8 
11 
14 
17 
type 
Ρ 
Ρ 
η 
η 
η 
η 
ι 
carrier cone. 
(cm"3) 
9 χ IO1" 
high resist 
9.7 x Ю 1 " 
l.H χ IO 1 5 
1.5 χ io 1 5 
1.7 x IO 1 5 
(cm2/Vs) 
3910 
ivity 
49950 
ій 840 
46600 
42600 
ND 
(cm-3) 
-
2.9 χ io 1 5 
3.3 χ IO 1 5 
3.3 χ io 1 5 
3.7 x IO 1 5 
NA 
(cm-3) 
-
1.9 χ 10 1 5 
1.9 χ io 1 5 
1.8 χ IO 1 5 
2.0 χ IO 1 5 
TABLE II: Electrical properties for epitaxial layers grown at different axial 
positions ζ under standard conditions with Τ »700'С and V/III=10. Given are the 
conduction type, 77K carrier concentration, 77K Hall-mobility 
total donor and acceptor concentrations (ND and Ид, respectively) 
(il·^ ) and the 
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The most important conclusion from the electrical measurements 
collected in table II is that a p/n transition occurs with an increasing 
value of z. Fig.7b shows that simultaneous with the change from p- to 
η-type, a shift occurs in the exciton p.l. spectrum from AX-dominated to 
DX-dominated. At this transition, the carrier mobility is at a maximum. 
The results show that, in order to obtain optimum crystal properties and a 
minimum impurity content, the axial position is an important parameter. 
In the (e-A· ) and (D0-A0) energy range a strong decrease of 
ZnQ -related emissions was observed with increasing ζ (fig.7a,8). This 
sharp decrease in the zinc content of the layers, probably combined with 
an increase in the total donor concentration Np (table II), explains the 
p/n transition at zB8 cm. As will be discussed in the section dealing with 
misorientation, the incorporation of zinc was found to be virtually 
independent of the growth rate. Therefore, the decrease of zinc content in 
the epitaxial layers with increasing ζ is concluded to be caused by rapid 
gas phase depletion effects similar to those observed for TMG (20). This 
explanation is in agreement with the conclusion given above that the zinc 
impurities originate from the TMG gas-source. 
For crystals grown at axial positions z>8cm, Сд 5 is the main acceptor 
(fig.7a). In this range, both the relative intensity of carbon p.l. 
emissions and the total acceptor concentration were almost independent of 
ζ (fig.7a,8; table II). From this, but also from the observation that the 
relative intensities of CuQ
a
-VA
s
 and CUQ« emissions at І.З'*? eV and 1.356 
eV were independent of axial position (not shown in the figures), it is 
concluded that in this part of the cell the effective V/III-ratio must 
also be constant. This is an important conclusion which may be an argument 
to use long horizontal reactors for homogeneous growth of ternary or 
quaternary compounds on large substrate surfaces when compositional 
grading must be avoided. The small increase in η-type carrier 
concentration with increasing ζ is due to an increase of Np (table II). 
This may be attributed to either a small increase in susceptor temperature 
or to an increase in the concentration of impurities originating from the 
susceptor. 
No variations in electrical and optical properties of the grown 
layers were detected across ~70% of the susceptor width. This is in 
accordance with the homogeneity in substrate temperature, gas-flow 
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Fig-8: Intensities of Сд8- and ZnGa-related emissions relative to the total 
BX-intensity for epitaxial layers grown at different axial positions in the cell 
(z). Crystals were grown under standard conditions with Τ '100'С and V/III=10. 
properties and growth rates in this range (20). 
4.3. INFLUENCE OF MATERIALS AND GASES 
4.3.1. Carrier gases H
r
 and Д/0 
To study the influence of the carrier gas on the incorporation of 
impurities, experiments were performed in which Hp was replaced by Ντ. 
Since large entry effects and free convective motions were observed when 
using N2 in the standard cell with a free height of 1.8cm (20), a cell 
with a free height above the susceptor of 0.8cm was used in which these 
effects are effectively suppressed and the N2 gas flow is laminar. In 
order to check the growth behaviour in this low cell, several epitaxial 
layers were grown with H2 as a carrier gas. No significant differences in 
optical (p.l. energies and intensities) and electrical (carrier 
concentration. Hall-mobility) properties were found between crystals grown 
(in H2) in the two reactor cells. 
Epitaxial layers were grown in N2 with temperatures between 630°С and 
yilO'C and V/III-ratios between 4 and 30. All trends with varying Τ and 
V/III-ratio which were observed for layers grown in HT were also measured 
for crystals grown in N2· Both energy and intensity of p.l. emissions were 
the same for crystals grown in N2 and H2. Optimization of growth 
parameters produced epitaxial layers with almost the same mobility and 
carrier concentrations as for those grown with HT as carrier gas. The main 
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conclusion from these experiments is, therefore, that under laminar flow 
conditions the carrier gas has no important influence on the electrical 
and optical properties of MOCVD-grown GaAs layers. 
4.3.2. Growth oomponents AsH, and TMG 
Layers grown from three TMG- and two AsHn-sources were compared. 
Crystals grown with one particular batch of arsine showed high n-type 
conductivities of the order of 10 спГл and large Ge A s peaks in the p.l. 
spectra. These effects can be attributed to contamination of the system 
with germanium, which can act as an amphoteric element in GaAs (i.e. as 
Сед 3 acceptor and as GeQ a donor). Most probably this impurity originates 
from the arsine source. The results found with the other starting 
materials were all similar, though optimum mobilities and total impurity 
concentrations as well as the growth conditions under which these were 
obtained varied with the gas sources used. Similar conclusions were also 
drawn by other authors (1,4). Since in this work no special attention was 
paid to further purification of gas sources and optimization of carrier 
mobilities, the influence of the starting materials will not be discussed 
further here. It should be noted that all results reported in this paper 
(except for this paragraph, of course) were obtained with one batch of TMG 
and AsHo. 
4.3-3· Susaeptor materials: quartz, carbon and molybdenum 
In order to study the influence of impurities originating from the 
hot parts in the cell, apart from quartz also pyrolytically coated carbon 
and molybdenum (with a purity better than 99-99$) were used as susceptor 
materials. For growth temperatures up to TOO'C, a change of susceptor 
material only had a small 'influence on the properties of the epitaxial 
layers. As an illustration, in fig.9 the p.l. spectrum of a layer grown 
with a carbon susceptor at бвО'С, V/III=11, is shown. This spectrum is 
very similar to that obtained with a quartz susceptor (fig.5). 
Additionally, results from the Hall-van der Pauw measurements only showed 
small differences between the susceptors (table I,III), though use of the 
carbon susceptor generally resulted in slightly purer materials. From 
this, we conclude that contaminations from the susceptors were not of 
major importance for growth temperatures below 700°С. 
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Fig .9 : P . l . spectrum of an ep i tax ia l layer grown with a carbon susceptor at 
680*0 with V/III=11. a: (e-A·) and (D'-A') emissions; b: exci ton range. 
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С 
Mo 
TR 
со 
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680 
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760 
760 
760 
760 
760 
760 
• 
V/III-ratio 
1 
15 
30 
1| 
11 
20 
H 
16 
30 
type 
Ρ 
Ρ 
η 
η 
η 
η 
η 
η 
η 
carrier 
cone. ( cm ^ ) 
293Κ: 7 х 101Ц 
293Κ: 6 χ ΙΟ 1 2 
2.0 χ 10lh 
8.0 χ 10 1 5 
6.8 χ 1 0 ^ 
7 Α χ 1015 
8.3 χ 10 1 5 
1.2 χ 10 1 6 
9.1 χ 10 1 5 
»77 
(CID2/VS) 
293Κ: 302 
293Κ: 730 
59210 
12290 
Ι569Ο 
18770 
ISS'tO 
137ОО 
1Ц7бО 
TABLE I I I : E l e c t r i c a l propert ies of e p i t a x i a l layers grown with a carbon and 
molybdenum susceptor at d i f ferent temperatures (T ) and V/III-rat ios . I f not 
indicated otherwise, data were obtained a t 77K. U77 i s the Hall-mobi l i ty. 
As was shown before, layers grown with quartz susceptors at 
temperatures above ~Tk0'C contained large concentrations of s i l icon. 
Crystals grown on Mo and С susceptors also showed increasing (n-type) 
conductivity with increasing temperatures in this range. However, carr ier 
concentrations were much lower and mobilities were much higher than for 
crystals grown on quartz susceptors (table I , I I I ) . Additionally, in the 
p . l . spectra of these samples no SÌA„-emissions were observed. Therefore, 
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it is concluded that silicon contamination from the susceptor at these 
relatively elevated temperatures is considerably reduced when С or Mo 
susceptors are used instead of quartz, and that the hot quartz bottom part 
of the cell plays a less important role. 
4.3.4. Substrate material 
To study the influence of impurity diffusion from the substrate into 
the epitaxial layer under the present growth conditions, layers were 
simultaneously grown on Cr-doped s.i. ('standard' material), Si-doped 
(carrier concentration n=10 спГ^) and Zn-doped (carrier concentration 
p=10löcm~J), H.B. grown, GaAs samples. Epitaxial layers of 5-7um thickness 
were deposited in Ihr under standard conditions at a temperature of 700° С 
and with V/III-ratios varying from Ц to 10. Impurity distributions in the 
layers were studied by successive etching in steps of ~1.5um and recording 
p.l. spectra at the different etch depths. 
P.l. spectra of layers grown on the Zn- and Si-doped substrates are 
shown in fig.10. For layers grown on the Cr-doped substrates, these were 
given before (fig.4). Spectra did not change with etch depth up to the 
substrate/layer interface. In the near band gap range of the spectra 
(-1.48 eV to I.52 eV), the same characteristic (e-Α0)/(D0-A0) and BX 
emissions are observed for all substrates used (fig.4,10). No additional 
emissions due to ZnQ- or Зід are observed in this energy range. Also, 
carrier concentrations in the epitaxial layers were found to be 
independent of the substrate used. Therefore, we conclude that diffusion 
of elemental zinc (Zng.) and silicon (SÌA S and SÍQ«) from the respective 
substrates was not important under the growth conditions which were 
employed. 
However, for epitaxial layers grown on Zn- and Si-doped substrates 
some additional emissions were observed as compared with layers grown on 
Cr-doped substrates. These p.l. lines were also present in the respective 
substrate bulk spectra (fig.10). For the layers grown on the zinc doped 
crystals, a broad emission at I.38 eV was found. This is thought to be due 
to the presence of Zn^. - д complexes (23). Layers grown on Si-doped 
substrates showed a broad emission at 1.22 eV, which was also observed in 
the substrate spectra (fig.10). This line can be attributed to 5іц
а
- д
а 
complexes (24). From these observations, it can be concluded that 
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Fig.10: P.l. spectra of epitaxial layers grown on Zn-doped (p=10 cm J)(a) and 
Sl-doped (n^l0löcm"3)(ь) GaAs substrates under standard conditions with Τ -700'С 
and V/III=10. Spectra are given after etching 2 um from the original 5.7um thick 
layer. In the 'low energy' range, substrate p.l. spectra and the substrate/layer 
interface spectrum for the Si-doped substrate (dotted line) are included. 
complexes of dopant elements with native defects may readily diffuse from 
the substrate into the epitaxial layers during growth. Such rapid 
diffusion of complexes in comparison with the very slow migration of most 
elemental impurities in GaAs was reported before (19,25). In general, 
these complex centra show no net electrical activity but may influence 
carrier lifetime and mobility. In the present work, absolute p.l. 
intensities of layers grown on Si- and Zn-doped substrates were two to 
three times lower than for the Cr-doped substrates. This may indeed be 
indicative of an increase in recombination rate of the photogenerated 
carriers. 
At all substrate/layer interfaces, the Cu-concentration was found to 
be higher than in the epitaxial layer and in the substrate: for the Cr-
and Zn-doped substrates, the CuQ
a
-peak at 1.356 eV increased by a factor 
of -10; for the Si-doped substrate, a shift of the 1.22 eV broad emission, 
due to SÌQa-VGa complexes, to 1.27 eV was observed (fig.10). The latter 
179 
emission can be ascribed to recombination in SÍQ-CUQ complexes (19,26). 
The increase in copper content most probably can be attributed to 
contamination from the system during the heating and pre-annealing periods 
before starting the actual growth. Copper rapidly diffuses into GaAs as an 
interstitial (19,25), but can react with gallium vacancies and the 
SÍQa-VQa complex forming Си
а а
 and SiGa-CuQa, respectively (19)· These 
species are relatively immobile and, therefore, remain fixed at the 
interface during a typical growth cycle. Other impurities which were often 
reported to accumulate at the GaAs surface after YOO'C-SOO'C annealing, 
such as manganese (19,27,28), were not found in the present study. 
I\A. INFLUENCE OF MISORIENTATION AND ORIENTATION 
4.Ί.1. Misorientation from {001} 
The growth rate of a single crystal growing via a step mechanism is 
proportional to the step flux, which is the product of the number of steps 
on the surface, the step height and the step velocity. In crystals with 
low defect densities, such as the presently used GaAs material, the main 
continuous source of steps is the misorientation from a low-index plane. 
In this case, the number of steps is proportional to the misorientation 
angle (for small angles). The step height is assumed to be constant. The 
step velocity can, therefore, be varied by varying the misorientation 
angle while keeping the growth rate constant, or, alternatively, by 
varying the growth rate with a fixed misorientation angle. In the present 
MOCVD system, the growth rate of the {001} face was found to depend on gas 
phase diffusion of TMG and was independent of the misorientation (20). 
Therefore, the influence of the step velocity on impurity incorporation 
can best be studied by growing layers on {001} GaAs crystals of various 
misorientations simultaneously, thus keeping other experimental 
conditions, such as Τ and the V/III-ratio, constant. 
Table IV shows typical results of Hall- van der Pauw measurements on 
epitaxial layers grown on {001} GaAs substrates which were misoriented 
towards {011} by 0° («¡O-as0), 2° and Ί" , respectively. These results are 
for 700°С and a V/III-ratio of 10 and are typical for all growth 
conditions used (T from 680-720°С , V/III from 4-20). The table shows 
that both the net electron concentration and the mobility increased for 
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misorientation 
о· ко.гз') 
2· 
It' 
n 7 7 (cm"?) 
3.3 x IO1" 
9.7 χ ю 1 4 
1.0 χ IO15 
u 7 7 (СШ
2/ 8) 
35640 
49950 
57960 
N D (C.-3) 
2.8 χ I O 1 5 
2.9 χ IO 1 5 
2.5 χ IO 1 5 
Ν
Α
 (c»-3) 
2.5 χ IO15 
1.9 χ io 1 5 
1.5 χ IO 1 5 
TABLE IV: Majority electron concentrations at 77K (n 7 7), Hall-mobility at 77K 
(u77) and the total concentration of donors (Np) and acceptors (NA) in epitaxial 
{001} GaAs with various misonentations (grown at 700*0 with a V/III-ratio of 
10). 
increasing misorientation. For the crystals grown at 685°C, the conduction 
type changed from ρ to η when increasing the misorientation of the 
substrate from 0° to 2°. Calculation showed, that this effect can be 
attributed to a decrease of N.. while the number of donors in the crystal, 
N D, remained constant within 10% inaccuracy limits (table IV). 
In the exciton energy range of the p.l. spectrum, the change in 
relative intensities of DX and AX emissions with varying misorientations 
was in agreement with the calculated concentrations of donors and 
acceptors (fig.lib, table IV). In the (e-A0 ) and (D^A 0) energy range of 
1.484 USO U96 
«n«rgy (eV )-
1510 1518 
Fig.11: P.l. spectra of epitaxial layers grown at {001} substrates with 
different misonentations towards {011}. Growth conditions were: Τ =700'Ct 
V/III=10. a: (e-A') and (D'-A1 ) range; b: exciton range. In the insert, C. and 
ZnQ
e
 emission intensities relative to BX emissions are given as a function of 
the misorientation. 
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the spectra, the intensities of the Сдд-related emissions were found to 
decrease strongly with increasing misorientation (fig.11). The intensity 
of the Znn -lines (relative to BX emissions), however, remained virtually 
constant (fig.11). Therefore, we conclude that the decrease in acceptor 
concentration discussed above can be attributed to a decrease in C« 
content. Evidently, at higher step velocities more carbon is incorporated. 
This strongly suggests a trapping mechanism for carbon at steps, which 
will be treated in more detail in the discussion section. 
It should be remarked that with an increase in the growth rate (by 
varying the TMG input pressure) from I.5 um/hr to 12 um/hr, the same 
trends were observed as with a decrease in misorientation. However, 
because these crystals were not grown simultaneously and growth parameters 
may have varied slightly, the results were more difficult to interpret. 
4.4.2. Crystallographie orientation of substrates 
In order to study the orientation dependence of impurity 
incorporation, epitaxial layers were simultaneously grown on {001}, 
{lll}Ga and {lll}As oriented GaAs. All crystals were 2° misoriented 
towards {Oil}. Since growth on {111} faces at 7000C results in bad surface 
morphologies and large crystallographie defects in the layers (29,30), 
this series of experiments was performed with growth temperatures from 
730° С to 770'' С. Growth rates at these temperatures were approximately the 
same for all orientations, viz. 5 um/hr and 3.5 um/hr at 730°С and 770°С, 
respectively (TMG partial pressure 30 Pa). The V/III-ratio was varied from 
k to ho. 
For crystals grown at 730°C on {lll}As oriented substrates, Сд
д
 was 
the only shallow acceptor detected in p.l. spectra. This is shown for a 
crystal grown with V/III=5 in fig.12a. Epitaxial layers grown on {001} 
substrates in addition showed very weak Zn^. emissions for higher 
V/III-ratios, but were essentially the same. Layers grown on {lll}Ga, 
however, showed clear (D'-A") emissions due to Zn^ even for relatively 
low V/III-ratios (fig.12a). At more elevated growth temperatures 
(T à7500C), zinc acceptors were no longer observed in the p.l. spectra of 
{lll}Ga oriented epitaxial layers. 
P.l. spectra of layers grown at 770°С with a V/III-ratio of 4 are 
shown in fig.12b. Since (η-type) carrier concentrations in these layers 
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Ifì -Ч 
were of the order of 10 cm", mainly (D'-A0) and DX emissions are 
observed. Crystals grown on {lll}As and {001} contained both 5 і
Д з
 and C« 
acceptors (fig.12b), though their concentrations (as deduced from the 
relative intensities in the spectra) differed slightly. Layers grown on 
{lll}Ga under these conditions only showed the Сд - and not the 
S^g-related emissions (fig.12b). The same conclusion could be drawn for 
layers grown with other V/III-ratios (4-30) at this temperature. 
For the growth temperatures studied, carbon incorporation during 
growth was most effective on {lll}Ga-oriented crystals (fig.12b,13). The 
effect was much more pronounced for relatively low V/III-ratios (<10). 
This implies that the dependence of the Сд incorporation on the 
V/III-ratio was strongest for the {lll}Ga orientation. The differences in 
carbon content for the {001} and {111} orientations became larger with 
increasing temperature (fig.13). Virtually no differences were found for a 
growth temperature of 730°С. 
- 1 — I — I — I — ι — ι — ι — ι — r - V r — I — I — I — l — Г S — ' — ' — ' — ' — I — ' — ' — ' — » " ^ N / 1 " " ! — ' — ' — ' — ' — I 
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Fig.12; P . l . spectre of e p i t a x i a l layers grown on {111} faces , a: Τ =730'C, 
V/III=5; b: 1^=770·С. V/III-U. 
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Fig IV Intensities of (D1-A') emissions due to C A s relative to the BX 
intensities in layers grown on different orientations a with V/III-ratios from 
Ί to HO and Τ «750*С. b with V/lII-t for τ from 730DC to TTO'C 
5. DISCUSSION 
As was discussed by Giling and De Moor (31.32), the incorporation of 
impurity elements during growth can occur via (1) equilibrium processes or 
(11) a trapping mechanism. If the first type of mechanism operates, 
adsorbed species on the crystal surface must be in equilibrium both with 
the gas phase and with the first atomic layers in the bulk. The impurity 
incorporation in that case is independent of the growth rate and step 
velocity and, if the surface Schottky equilibrium is also established, 
increases with an increase in the concentration of vacancy sites at which 
the impurity substitutes. Such mechanisms are expected for relatively low 
growth rates and high (solid state) diffusion coefficients. In the second 
type of mechanism mentioned above, adsorbed species at the crystal surface 
are incorporated at a growth step in a non-equilibrium concentration, but 
diffuse too slowly in the solid to establish a solid state equilibrium with 
newly adsorbed species: they are effectively trapped. In this case, 
impurity incorporation may depend on the growth rate and on the step 
velocity. 
In tables Va and Vb some results on the incorporation of residual 
acceptors are summarized. Table Va shows that on {001} surfaces the 
incorporation of C A s depends on the step velocity during growth, which 
means that a trapping mechanism is operative. In contrast, Zn G 
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V-a : (001} 
step-velocity t 
V/III t (PTMG=const) 
CAs 
t 
* 
Z^a SiAs 
unknown 
t 
* 
-ь 
CA S 
Z nGa 
S lAs 
730*0 . V/III=5 
{lll}As 
+ 
-
-
{001} 
4 
-
-
{lllJGa 
* 
+ 
-
770'С , V/III=4 
{lll}As 
+ 
-
+ 
{001} 
* 
-
+ 
{lll}Ga 
++ 
-
-
TABLE V: Summary of important results on the incorporation of residual 
acceptors; a: dependence on growth parameters and step-velocity (misonentation) 
on {001}, in which 't' » increase, '*' = decrease, '=' » no change observed; 
b: influence of orientation, in which '-' » not observed in p.l. spectra, '•' = 
observed .'++' = relatively strong emission. 
concentrations found in the epitaxial layers are independent of this 
parameter, which is indicative of an equilibrium mechanism. Table Vb, ir 
which the dependence of impurity incorporation on the crystallographic 
orientation is given, shows that for the growth conditions studied Zn G anc 
S iAs a r e Preferentially incorporated on the {111} face which contains the 
atoms for which they substitute, i.e. {lll}Ga and {lll}Ast respectively 
This conclusion is in agreement with results from doping studies in the 
Ga-As-Cl VPE system, in which deliberately higher concentrations oi 
impurities were added to the gas phase (33)· In contrast, for a growtt 
temperature of 730 °С incorporation of C A s is almost isotropic, whereas al 
770 "С CAs-concentrations are much higher on {lll}Ga than on the othei 
orientations studied. From these considerations, we conclude that the 
incorporation of Сд 8 at one hand and of Zn^ and Зід at the other hanc 
proceed via different mechanisms. The experimental results from this worl 
are now discussed in more detail using the concepts of impurity 
incorporation via equilibrium and trapping processes given above. 
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5.1. CARBON INCORPORATION MECHANISM: TRAPPING 
The most probable source of carbon impurities in MOCVD is the TMG 
growth component. In agreement with this, in the present work no influence 
of the susceptor-material and substrate on the carbon content of the 
epitaxial layers was found. It was shown before that introduction of 
gaseous carbon containing species, such as СНь, ССІь and CgHg, during VPE 
of GaAs does not lead to large changes in the carbon content of the 
epitaxial layers (ЭІЗ^)· This shows that carbon incorporation most probably 
does not proceed via free hydrocarbon species, but is coupled to an active 
growth component, such as Ga-CHo. Previous work (20,22,35) showed that TMG 
decomposition in the hot gas phase above the susceptor is not complete. 
Most probably, after rapid removal of the first and the second methyl 
groups, which are relatively loosely bound, the active species arriving at 
the growing surface is the Ga-СНт radical. Reep and Ghandhi (22) showed 
that GaAs epitaxial growth most probably proceeds via a mechanism in which 
both the arsenic and gallium containing growth species are adsorbed at the 
surface. These species were concluded to be As-Η and Ga-CHo .respectively. 
Reaction of neighbouring species leads to methane formation and, 
consequently, formation of a GaAs entity. The present experiments are in 
agreement with such a mechanism. Adsorbed Ga-CHo species may migrate 
towards a growth step, where the Ga atom can be incorporated. When growth 
proceeds undisturbed, reaction with the arsenic bearing As-Η species (at 
the surface or at the step) causes methane formation and removal of the 
carbon containing species. The carbon atom at the step, however, may also 
form a second bond with another Ga-atom with simultaneous dehydrogenation. 
This process is concluded to compete with the methane formation reaction: 
increasing the step velocity decreases the probability of reaction with 
As-Η species and more carbon is incorporated, i.e. trapped, at the step. In 
this process carbon is directly incorporated at an arsenic site in the 
lattice and thus as an acceptor. It should be remarked that this trapping 
process is still relatively rare during the growth process: 
CAs-concentrations in the layers are of the order of -10 -* спГ^, i.e. one 
carbon atom is incorporated per 5x10 'normal' growth reactions in which a 
GaAs entity is formed. 
To vary the V/III-ratio, the arsine partial pressure was changed while 
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keeping the TMG partial pressure, and therewith the growth rate, constant. 
With an increase in arsine pressure, also the surface coverage by active 
As-Η species is expected to increase. This leads to an increase in the 
methane formation reaction at the growth step and, consequently, to a 
decrease in carbon content in the epitaxial layer, as was experimentally 
observed (table Va). The influence of the growth temperature on the carbon 
incorporation can be explained in similar terms: an effective decrease in 
surface coverage with As-Η species with an increase in temperature leads to 
an increase in carbon content in the layers. Several factors may cause such 
an effective decrease in surface coverage, viz. (i) enhanced 
dehydrogenation of adsorbed As-Η species; (ii) enhanced desorption of As-H 
partially decomposed species from the surface; (iii) an increase in the 
homogeneous pyrolysis of ASHT in the gas phase. Which of these processes is 
most important is not clear at present. In the mechanism of carbon 
incorporation proposed above, pure hydrogen from the carrier gas is not 
involved in the removal of the methyl group from the active Ga-CHo growth 
species. In agreement with this, carbon concentrations in the layers were 
found to be largely independent of the carrier gas (present work, 6). It 
should be remarked that Сдд-incorporation was concluded not to proceed via 
free hydrocarbons, but most probably occurs at a growth step via Ga-CHo 
species. Therefore, a statistical explanation of the influence of the 
V/III-ratio and growth temperature in terms of the surface concentration of 
arsenic vacancies with which (free) carbon containing species could react 
was disregarded. 
The orientation dependence of carbon incorporation (table Vb) is not 
fully understood. From recent work on the orientation dependence of the 
surface morphology both after MOCVD crystal growth (36) and after vapour 
phase etching (37) of GaAs, it was concluded that step mechanisms operate 
on {001} and {llljGa faces. On {lll}As surfaces, however, step propagation 
on the surface seems to be strongly hindered and both growth and etching 
most likely proceed preferentially at specific localized nucleation sites. 
Since in the above discussed mechanism carbon is incorporated by trapping 
at growth steps, this disturbance of the regular step mechanism may 
tentatively explain the lower carbon content of {lll}As layers. 
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5.2. Zn- , Si, AND DONORS 
The most probable sources for the ZnQ and SÌAS acceptors were 
concluded to be the TMG gas source and the hot quartz susceptor, 
respectively. An increase in the V/III-ratio while keeping the TMG 
pressure, and thus the zinc pressure, constant caused a strong increase in 
the ZnQa incorporation while a similar increase in the V/III-ratio caused a 
strong decrease in the SÌA concentration in the epitaxial layers. These 
results can be explained with an equilibrium incorporation mechanism for 
these elements. Such a mechanism is supported by the observations in the 
paragraph dealing with different substrate materials, where it was shown 
that both zinc and silicon can diffuse rapidly in GaAs under MOCVD growth 
conditions by complex formation with native vacancies. This high 
diffusivity enables exchange between bulk and surface positions, which is 
required in the equilibrium model (31,32). In an equilibrium situation the 
net incorporation reaction for zinc can be represented by: 
Zn(g)
 + VGa : Z n ^ K ^ = -p^fc--- (2) 
l-vGaJ ^Zn 
In this simplified reaction scheme the exact nature of the active gaseous 
Zn species and also the solid state ionization equilibria are not taken 
into account, since these do not influence the conclusions from the present 
(qualitative) considerations (31,32). If at the surface the Schottky 
equilibrium is established the unknown concentration of gallium vacancies 
can be replaced by the arsenic partial pressure according to: 
0
 î VGa + VAs KS = rvGa][VAs] (3) 
As A s : As(g) • VAs KAs = PAs [VAs] (4) 
After rearranging: 
r^GaJ « <KZn PZn> ^Ga] = <KZn KS / KAs> PAs PZn <5) 
As is clear from eq-[5], in this mechanism the concentration of zinc 
incorporated during growth depends on the concentration of free gallium 
sites at the crystal surface, which is determined by PAs. The latter in its 
turn evidently increases with an increase in the V/III-ratio (PQa *" ΡχΜΟ = 
constant). This conclusion is supported by the shift of the І.З^ ? eV 
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CUfj-V« to the І.356 eV CUQ emission in the p.l. spectrum with increasing 
V/III-ratios, which also shows that the surface becomes more arsenic rich 
under these conditions. The observation that zinc incorporation does not 
depend on the step velocity (table Va), gives further support to the 
equilibrium mechanism. 
The temperature dependence of zinc incorporation can be explained by 
its adsorption/desorption behaviour; in eq-[5] this implies an effective 
decrease of K^
n
 with an increase in growth temperature. The same lines of 
reasoning as discussed above for Z n ^ also apply for S^
s
-incorporation. 
The strong increase in 5ід3 concentration with increasing temperatures 
results from a higher concentration of silicon containing species in the 
gas phase. 
Since the presently used TMG source contained silicon impurities in a 
concentration of the order of 1 ppm, S Í Q . most likely is the dominant donor 
species in our material. In analogy with the equilibrium mechanism proposed 
for incorporation of Si on an arsenic site, also an equilibrium mechanism 
for Si incorporation on a Ga site, where silicon is a donor, may be 
anticipated. The increase in the net donor concentration with increasing 
V/III-ratios above the 'optimum' value (fig.3) is indeed in agreement with 
this. With an increase of the V/III-ratio (P™Q=constant), the donor 
incorporation in the epitaxial layer is enhanced because the equilibrium 
gallium vacancy concentration is increased. Additional support for an 
equilibrium mechanism is obtained from table IV, which shows that the donor 
concentration was found to be independent of the step velocity. The small 
increase in Np with decreasing V/III-ratios below the Optimum' value 
(fig.3) may be attributed to donors substituting for arsenic. In this case, 
sulphur is the most probable candidate (1,4). 
A question still to be answered is the orientation dependence of the 
incorporation process (table Vb). From the observed anisotropy it must be 
concluded that, at least for the temperature range of ТЗО'С to 770°С in 
which the measurements were performed, full thermodynamic equilibrium 
between the gas phase and crystal bulk is not established for all faces. 
Especially the impurity incorporation behaviour on {lll}Ga faces differs 
from that on {001} and {lllJAs faces, which show quite similar 
characteristics. Which step in the incorporation process is not in full 
equilibrium can not be decided from the present experiments. Independent of 
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this question, however, the cause for the anisotropy must lie in 
differences in the structure of the different crystallographic faces, which 
can best be discussed by comparing the two polar {111} orientations. The 
di-atomic bond strengths of Zn-Ga and Zn-As are almost the same (38). 
Therefore, it can be concluded that the covalent bonding of zinc to {lll}Ga 
and {lll}As faces will be almost equally strong. Introduction of ionicity 
effects, however, is expected to produce a more effective bonding of zinc 
to {lll}As faces. Nevertheless, incorporation of zinc is more efficient on 
{lll}Ga oriented crystals (table Vb). Not only adsorption processes, 
however, but also the concentration of (surface) vacancy sites at which the 
adsorbed species can form an efficient two- or threefold bond with the 
lattice play a role. On {lll}Ga faces gallium vacancies are readily 
available for reaction with adsorbed zinc, which produces a strong 
threefold bonding of zinc with the lattice. On {lll}As faces gallium 
'surface vacancies' are equivalent to adsorption sites. Here, only a single 
bond with the lattice can be formed. Vacancies at which zinc can be 
effectively incorporated are located in the second atomic layer and the 
activation energy for reaction with the adsorbed atoms is consequently 
expected to be higher than on {lll}Ga surfaces. Therefore, we tentatively 
conclude that differences in rate constants for reaction of the adsorbed 
zinc species with gallium vacancies may explain the observed anisotropy of 
zinc incorporation. Similar arguments can be used to explain differences in 
Зідд incorporation on the two polar {111} faces. 
In conclusion it can be stated that all experimental results on the 
incorporation' of ZnQ
a
, 5ід and donors (most probably being 5ід
а
) on {001} 
surfaces are in agreement with an equilibrium mechanism. Support for such a 
mechanism is obtained from (i) the fact that incorporation of these species 
does not depend on the step velocity, (ii) the observed dependence of 
impurity incorporation on the surface vacancy concentration and (iii) the 
possibility for these elements to form rapidly diffusing complexes with 
native vacancies. The observed anisotropy, however, shows that, at least 
for {lll}Ga faces in the temperature range from f^O'C to ПО'С, the 
incorporation process is to some extent determined by kinetics. 
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6. SUMMARY 
It has been shown that the impurity concentrations which are build 
into epitaxial layers during growth strongly depend on the V/III-ratio and 
temperature. The trends which were found confirm results from other recent 
work (1-4). In this study also the axial position in the cell prooved to be 
an important parameter in optimization of the layer quality. For axial 
positions z>-8 cm, the effective V/III-ratio was found to be constant. For 
growth temperatures generally used in MOCVD (660<IC-730"C), the susceptor 
material and carrier gas did not significantly influence the properties of 
the epitaxial layers. From highly doped substrates on the other hand, 
complexes of dopant elements with native vacancy defects were observed to 
diffuse rapidly into the layers. Such complexes may decrease carrier 
lifetimes and mobilities. At the substrate/epi-layer interface increased 
concentrations of copper were found. These were concluded to diffuse from 
the reactor system into the substrate during the pre-heating period in the 
growth cycle. 
The main residual acceptors detected were Zn^«, C A g and Зідд. It was 
concluded that zinc originated from the TMG source. Its concentration 
strongly decreased with an increase of the growth temperature or axial 
position and increased with an increase in V/III-ratio. Зід was only 
observed after growth at temperatures above ~7Ц0°С. Its concentration 
decreased with an increase in V/III-ratio. The hot quartz susceptor was 
concluded to be the main source of these silicon impurities. Carbon was 
conluded to originate from TMG. The carbon content of the layers increased 
with an increase in growth temperature and a decrease in V/III-ratio. 
In the temperature range between 730° С and 770"С, Zn G a and Зідд 
concentrations were highest in {lll}Ga and {lll}As oriented epitaxial 
layers, respectively. Under these conditions Сд 3 concentrations were higher 
in {lll}Ga layers. For {001} crystals, an increase in the step velocity 
during growth was found to lead to an increased Сд 5 content in the layers. 
Znn concentrations were not affected by this parameter. 
For {001} crystals, the experimental results on the incorporation of 
Сд could be explained with a trapping mechanism, in which carbon from the 
Ga-СНт growth component is trapped at a growth step. ZnQ
a
, Зід
д
 and 
residual donors on the other hand most probably incorporate via an (near) 
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equilibrium mechanism, in which the surface vacancy concentration plays an 
important role. 
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CHAPTER 10 
CRYSTALLOGRAPHIC DEFECTS IN 
(001) GaAs EPITAXIAL LAYERS 
GROWN BY MOCVD 
J. van de Ven, JL.Weyher, H. ¡kink and LJ. Giling 
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CRYSTALLOGRAPHIC DEFECTS IN (OOI) GaAs EPITAXIAL LAYERS GROWN BY MOCVD 
ABSTRACT 
The influence of various MOCVD growth parameters, substrate 
preparation and substrate misorientation on the formation of 
crystallographic defects during epitaxial growth of GaAs has been studied. 
Low effective arsine pressures during growth lead to formation of so-called 
oval defects, which generally are growth hillocks with a polycrystalline 
inclusion. Local arsenic deficient surface areas are concluded to be 
responsible for the formation of these defects. Low growth temperatures 
(<6600C) were found to lead to so-called boat defects, which generally 
contain a deformed region with dislocations, stacking faults and, 
sometimes, polycrystalline material, and a defect-free part. Their 
formation is related to impurity adsorption at the growing surface. On 
exactly oriented crystals, growth hillocks with a flat top have been 
observed, occasionally. These plateaus are shown to contain numerous 
dislocations. High velocities of growth steps in combination with 
impurities at the substrate surface are concluded to be the most probable 
cause for their formation. Surface work damages are shown to lead to 
formation of dislocations in the epitaxial layers. The structure of these 
groups of defects has been studied in detail by defect-selective etching 
and optical- and electron microscopy. Their origin has been studied by a 
systematic variation of growth conditions. The original substrate surface 
appears to play an important role in the formation of most defects. Some 
conclusions are drawn about the morphology of the defects from a 
consideration of the (001) surface structure. 
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1. INTRODUCTION 
During the last decade, the technique of metalorganic CVD has received 
much attention for its potential applications in III-V device processing. 
It was shown that by optimization of growth parameters and the purity of 
the starting materials, specular epitaxial layers with high carrier 
mobilities of various III-V compounds could be grown (1). For further 
improvement of the quality of the layers, and, therewith, device 
performance, systematic defect studies are essential. Additionally, such 
studies may contribute to the understanding of the fundamental crystal 
growth processes involved. 
Recently, several papers have been devoted to crystallographic defects 
in MBE-grown GaAs layers (2-6). In these studies, structural aspects of the 
defects were emphasized, but also their origin was examined by varying 
growth parameters and substrate preparation. In addition, several 
morphological studies of GaAs layers grown by the chloride-VPE process have 
been reported. A brief review of these was given by Reep and Ghandhi (7) . 
For the MOCVD GaAs layers, much work was done to identify the nature and 
sources of residual acceptor and donor impurities (e.g. 8-10) . Relatively 
little attention, however, was paid to morphological defects which are 
often observed after MOCVD crystal growth. Almost all papers which deal 
with this subject have a rather technological approach, i.e. growth 
conditions were optimized in order to avoid defect formation (e.g. 
7,11,12). Systematic studies of the structure and origin of 
crystallographic defects are still relatively scarce (13,14). 
The main difficulty in a systematic evaluation of crystallographic 
defects in GaAs epitaxial layers is that the surface morphology is very 
sensitive to system impurities. Therefore, the morphology generally is much 
less reproducible than other physical, e.g. electrical and optical, 
properties of the layers. In the present work, results are presented from 
an evaluation of over 500 (001) oriented GaAs samples. These were grown in 
a few hundred of growth runs with variation of all possible system 
parameters. On the basis of these series of experiments defects were 
selected which were found to be related to the growth history, substrate 
preparation and/or (001) substrate misorientation and both the structure 
and formation of these defects were further investigated. The main 
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technique used in this structural evaluation was selective (photo-)etching 
with the previously described DSL-system (15-17) in combination with 
optical- and electron-(SEM,ТЕМ) microscopy. In two future papers, we hope 
to present the results from a study of epitaxial layers grown on various 
substrates: both the influence of different bulk defects in the substrate 
and substrate orientation will be discussed there (18). 
2. EXPERIMENTAL 
GaAs epitaxial layers were grown from trimethyl-gallium (TMG) and 
arsine in H2 at atmospheric pressure in a horizontal, top water-cooled, 
rectangular reactor with internal cross-section dimensions of 5-0 cm 
(width) χ 1.8 cm (free height) (fig.l). A resistance heater was used with 
two independent elements to maintain temperature homogeneity at the 
susceptor to within ±50C. The growth temperature was measured in situ at 
the substrate surfaces with a calibrated optical pyrometer. During a growth 
cycle, an arsenic film was deposited at the cold top wall. To avoid an 
increase in temperature during an experiment due to reflections at this 
film, a silver mirror was deposited at the bottom of the water cooler 
(fig.l). This ensured that from the start of the experiment radiation 
reflections were approximately constant. 
Substrates were of different dopant types and levels, both boat grown 
and LEG pulled, and were supplied by various manufacturers. Before growth, 
samples were· first mechano-chemically polished with h^C^/NHn (by 
vol.-500:1) on a special polishing cloth (Politex Supreme/PSAII from Rodel) 
under dust poor conditions, removing -5 um. As will be discussed in the 
results section, this pretreatment gave perfect, mirror-like surfaces which 
were free of mechanical damage. Successively, samples were degreased in 
ultrasonically stirred chloroform, aceton and isopropanol baths. After 
extensive rinsing with water, they received a dip in a 4 vit% HCl solution 
and were again rinsed with HpO and/or isopropanol. Finally, they were blown 
dry in a pure Np stream. After loading the substrate into the reactor, the 
system was allowed to stabilize at 200°С under H2 flow for -1.5 hr. 
Successively, the cell was heated to the desired temperature under arsine 
flow. The system was allowed to stabilize for -I5 min before TMG was let 
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FJK.l: Schematic drawing of the horizontal MOCVD reactor cell used in the 
present work. 
into the reactor. After stopping the TMG flow and, therewith, the epitaxial 
growth, samples were kept ~2 min at the growth temperature under arsine 
flow before cooling. Between growth runs, the cell and susceptor were 
generally cleaned in situ at 800°С in a 0.5# HCl in ^ flow. 
Unless otherwise mentioned, growth conditions refer to the following 
standards: 3 slm Hp-flow as carrier gas; TMG partial pressure 30-50 Pa; 
axial position of the substrate 6-8 cm from the leading edge of the hot 
susceptor (i.e. within the region of developed flow- and temperature 
profiles(19)); growth rates 5.5-11 um/hr; input arsine/TMG partial pressure 
ratio (hereafter called V/III ratio) 15-20; growth time 30-60 min; 
substrate orientation 2° off (001) towards {011}. Exact misorientation 
directions were determined from Laue X-ray reflections. As determined by 
the above conditions, layer thickness generally varied from 2.5-II um. 
All gases used were of electronic grade with ЭЭ-Э9ЭЭ% purity. The H2O 
and От content of the carrier gas was below -0.1 ppm. All chemicals used 
were of analytic quality ana were dust-filtered for 0.2 um particles. The 
conductivity of the water was lower than 0.1 uSiemens. All DSL-, AB- and 
К0Н etching experiments were performed as already described in previous 
papers (15-17,20). 
For the assignment of exact crystallographic directions, the (111) 
plane is defined as (lll)Ga. Using this convention, the elongation 
direction of dislocation etch pits on (001) formed after etching in molten 
К0Н is [110] (21). 
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3- RESULTS AND DISCUSSION 
As already mentioned in the introduction, the surface morphology of 
MOCVD grown GaAs layers is very sensitive to system impurities. Therefore, 
in the present work only results which were reproducibly observed in a 
large series of growth runs are included. Layers grown at 700°С with a 
V/III ratio of -20 were without morphological defects. Therefore, as a 
reference epitaxial layers were grown under these 'optimum' conditions 
between different series of experiments. 
The crystallographic defects observed in this study are discussed in 
relation to the growth- or system-parameters which were found to influence 
their formation. Several experimental conditions were found not to affect 
the perfect morphology mentioned above. These include the flow velocity 
(1-5 slm), TMG partial pressure (lOPa-lOOPa), the growth rate (--1.5-15 
um/hr), susceptor material (carbon, quartz, molybdenum), axial position of 
the substrate on the susceptor (S-!'* cm from the leading edge of the hot 
susceptor), the use of a preheater in the entrance region of the cell 
(fig.1)(temperatures up to ΊΟΟΌ). Therefore, unless otherwise stated these 
conditions were kept constant as given in the experimental section. 
3.1. SUBSTRATE PREPARATION : WORK-DAMAGES 
For epitaxial growth of silicon it is well known that the substrate 
preparation is an important factor for the crystallographic quality of the 
layers (e.g. ¿2). Unclean surfaces may lead to local loss of epitaxy and, 
consequently, to formation of defects. The presently used substrate 
pretreatment was such that after growth under Optimum' conditions no such 
defects were detected in the epitaxial layers after defect-selective 
DSL-etching. 
Mechanical work-damages (W.D.) on the substrate surface can normally 
not be recognized without defect etching, unless of course macroscopic 
scratches are present, which are to be avoided anyhow. The normally 
invisible W.D., however, were found to introduce numerous dislocations in 
the epitaxial layers. Fig.2a shows the surface of a substrate after DSL 
etching, which originally was seemingly perfect and featureless. The 
presence of W.D. can clearly be recognized. After epitaxial growth on a 
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Fig.2: Generation of defects from mechanical damages at 
the substrate surface, a; substrate, 0.3 um removed 
with D l-8S1/5L ' 0 - ' t M C r 0 3 · 0 · 5 M H F under 
il lumination); b: as-grown epilayer after growth under 
'optimum' conditions; c: same as b after removal of 3 
um with D J . J S J / C L (1.8 M CrOo, 2.3 M HF under 
il lumination); d: as b, {110} cleavage, 0.5 urn removed 
with D l : l s i / 5 L U · 8 M C r 0 3 · 2 · 3 M HF under 
i l lumination). The presence of a work damage l ine as 
observed on the (001) surface i s indicated by the 
arrow. d=dislocation; W.D.=work damage l ine ; marker 
20 urn. 
similar substrate, which was not defect etched, a smooth surface was 
obtained (fig.2b). DSL-etching showed, however, that the W.D. on the 
original substrate caused formation of numerous dislocations {fig.2c). 
After prolonged etching, with etch depths larger than the thickness of the 
epitaxial layer, the W.D. features disappeared as expected. Fig.2d shows a 
{110} cleavage cross section of a W.D. l ine, which was DSL etched. This 
again shows that the defects related to the l ine in fig.2c originate at the 
original substrate surface. Other defect features in the epi-layer which 
are observed after defect selective etching {fig.2c) are dislocations, 
which show an almost 1:1 correspondence with dislocations in the substrate 
bulk. This subject of defect propagation from the substrate bulk will be 
discussed in more deta i l in a forthcoming paper {18). 
The fact that mechanical damages on the substrate surface, such as 
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described above, could only be recognized after defect-selective etching 
means that they can be identified as a series of dislocation loops arranged 
along the W.D. line. Dependent on the directions of the Burgers vector in 
such loops, the defects may remain localized at the GaAs substrate surface 
or may generate dislocations in the epilayer during homo-epitaxial growth 
(23). Because of the mobility of surface atoms at elevated temperatures, 
рге-annealing before epitaxial growth may be expected to reduce the number 
of W.D. defects on the substrate. Fig.3, which gives two interference 
contrast micrographs after DSL etching, shows that after a pre-annealing 
treatment comparable to that which was routinely used in the present study, 
the number of surface defects is indeed strongly reduced. The mechanical 
damages which are still observed most probably can be attributed to defects 
which extend more deeply into the crystal. 
Mechanical damages can be removed from the substrate surface using a 
free chemical etch. A big disadvantage of such a procedure is that the 
W.D.-images remain visible after removal of large amounts'of material. This 
surface structure was found back in the morphology of the epitaxial layers. 
The effect is illustrated in fig.4 for the commonly used HJSOÍ) : ì Ì 2 0 2 : H2 0 ' b y 
vol. 5:1:1) etchant. After a pretreatment in which 10 um was etched from 
the substrate surface in this solution so that effectively all work damages 
had been etched away, indeed no new (W.D.-generated) dislocations were 
found in the epilayer (fig.4b,c). However, the image of the mechanical 
damages (or rather its 'memory') obtained after the chemical etch still 
remained clearly visible. Similar results were obtained for 
bromine-methariol etchants. Therefore, a mechano-chemical polishing 
treatment as described in the experimental section was concluded to be 
preferable for removal of substrate work damage. 
3.2. V/III-RATIO 
The morphology of epitaxial layers was extensively studied as a 
function of V/III-ratio in the input gas for growth temperatures from 
ббО" 0-120°С and TMG input partial pressures from 10 Pa to 100 Pa. For 
V/III-ratios higher than -15. a perfect surface morphology was obtained. 
For ratios below -2, surfaces of epi-layers were rough. In the range of 
intermediate V/III ratios between 2 and 15 typical growth hillocks, 
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FiK.3: Severely * work-damaged' substrate before (a) and after (b) annealing for 
1 hr at 700° С under 200 Pa AsHo pressure in H2· Defects were revealed by removal 
of -0.5 um with DI-JSJ/I-L. 
Fig.1): Effect of a free chemical etch on a substrate with mechanical damage, a: 
as grown surface of a 3 um thick epilayer grown on a substrate from which 10 um 
were removed in a 600C HjSOij:H2O2:H2O (by vol 5:1:1) etchant; b: same as a, but 
now 1 um was removed with Dj-iSwcL; c: same as a, but after 3-5 um was removed 
(substrate) in the same DSL solution. Note the 1:1 correspondence between 
defects in the layer and the substrate. 
so-called oval defects, were found (fig.5a,b). The surface between these 
defects generally remained smooth and featureless. The structure and 
history of formation of these defects will be discussed below, separately. 
3.2.1. Oval defects: shape and structure 
The oval defects are characterized by an elevated region ('B' in 
fig.5a.b) and a strongly deformed region ('A' in fig.5a,b). Microprobe 
analysis showed that, within the limits of error of ~1%, both regions 
consist of pure stoichiometric GaAs. The shape of region В was found to 
vary: usually an oval form was found (fig.5a), but also 'mushroom'-like 
shapes as shown in fig.5b were sometimes observed. The symmetry axis 
through the defects was parallel to the misorientation direction, which was 
determined from Laue diffraction measurements: the arrows in fig.5atb 
indicate the direction of the steps during growth as imposed by the 
misorientation off (001) towards {Oil}. For exactly (001) oriented 
surfaces, region A was found to shift towards the centre of the overgrowth 
hillock and the defect became central symmetrical. The shape of the oval 
defect was influenced neither by the direction nor by the rate of the 
forced gas flow. 
For over -90JÍ of the oval defects on one sample, the dimensions of 
regions В were constant. However, in addition a number of smaller defects 
was observed in most cases (fig.5a). For the larger defects, the ratio of 
the hillock dimension and layer thickness was found to be approximately 
constant: 3±1. Dimensions of core regions A varied strongly (fig.5a,b). 
Occasionally,' region A was even not observed in the oval defect. Most 
probably, this can be attributed to local overgrowth. 
To investigate the structure of the defects, selective etching 
experiments were performed. Fig.5c shows the same sample as in fig.5a, 
after etching 2um from the original epi-layer surface. On regions A of the 
defects, crystallographic pits were formed with (001) intersections 
parallel to the <110> cleavage edges. Cleaving the samples showed that the 
larger oval defects nucleated at the substrate/epilayer interface (fig.6). 
The smaller defects nucleated inside the epitaxial layer, as can be 
concluded from the fact that shallow flat bottomed pits were formed before 
the whole epi-layer was removed (fig.5c). 
In MBE-grown GaAs, growth hillocks with the same morphology as the 
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FiR.^: 'Oval defects' found after growth with V/III ratios 
between 2 and 15 at 700'C. a and b: different formes of as 
grown defects (layer thicknesses 3 um) с. same as a. after 
etching off 2um with ^.^Swcb. T^6 arrows indicate the 
propagation direction of the steps on the misoriented 
substrates; the directions of the cleavage edges are also 
indicated; d=dislocation, A=strongly deformed core, 
B=growth hillock. 
epMayer 
substrate 
20 pm (a) 
Fig.6: Cleavage through an oval 
defect. The (001) epilayer was etched 
with D^.^S, /c, removing 0.5 um. After 
cleaving, the {110} cleavage plane was 
etched in the same solution, removing 
-0.2 um. The epilayer/substrate 
interface and a dislocation (d) are 
marked, a. interference contrast-, b. 
SEM-image. (b) 
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presently discussed defects are frequently reported (2,4,5). Bafleur and 
coworkers (2) found that two types of hillocks existed in MBE layers. One 
of these, with the larger dimensions, showed the same etching behaviour as 
was observed for the MOCVD grown oval defects in the present work. It 
should be remarked that they used a so-called DABL-etchant, which behaviour 
is essentially the same EIS that of the DSL-system (16,17). From the above, 
we conclude that the larger oval defects observed in MBE-layers have the 
same structure as the defects presently found. Bafleur and coworkers (2) 
proposed a model for the structure of the oval defects on the basis of 
RHEED and ТЕМ studies (fig.7). In this model, a nucleus (N) is present at 
the original substrate surface. At this point some perturbation of the 
epitaxial growth occurs which leads to formation of a polycrystalline 
region (P). The transition of this strongly deformed region to the perfect 
layer (M) takes place via a twinned region (T). Regions M and Τ are 
separated by a {lll}As plane, as this plane is the usual twin plane for 
GaAs (24). The present results are in agreement with such a model. Region A 
(fig.5), now identified as the polycrystalline core, is rapidly etched in 
the DSL solution most probably because of the presence of high index planes 
(such behaviour can result from cathodic protection effects as discussed in 
(16) and (17))· Upon prolonged etching, more slowly etching low index 
planes develop in the twinned region. From cleavage cross sections of the 
etched oval defects, such as shown in fig.6b, several planes were 
identified in the pits. After consideration of the twinning symmetry 
operations (25), these could be identified as low index faces. As an 
example, in fig.6b {221} and {111} twin planes (Miller indices referred to 
the undisturbed matrix (M in fig.7)) are observed which actually correspond 
to {001} and {111} planes, respectively. 
Fig.7: Model for the oval defects 
(from (2)). For symbols: see text. 
substrate 
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'i.2.2. Oval defects: origin and formation 
As weis shown above, most oval defects nucleated at the original 
substrate surface but some were created during growth. This conclusion is 
further supported by experiments in which first a layer was grown under 
optimum growth conditions ('buffer' layer). Successively, the V/III ratio 
was gradually decreased during growth. This procedure strongly reduced the 
number of oval defects, but did not fully remove them. With this in mind, 
the following remarks can be made about the nucleation of the defects. 
1. Both sequential etching studies of the epitaxial layers and the {110} 
cleavage cross section through oval defects showed that no relation exists 
between bulk defects and the growth hillocks (fig.5c,6a). 
2. The defects are formed for V/III ratios in the input gas from -2 to 15, 
but no relation between their density and the V/III ratio was found. 
Additionally, no influence of the growth temperature (680°0-720°С) and the 
TMG partial pressure (10-100 Pa) was observed. 
3. Also, no relation was found with the chemical surface pretreatment. 
Substrates were etched in different HoSOnrHpOotH^O solutions, which are 
known from Auger electron spectroscopy measurements to produce different 
carbon coverages of the surface (26). In the same growth runs as in which 
the above crystals were used, also substrates were added which had received 
an aceton or isopropanol dip as last chemical pretreatment step. These 
latter procedures may be expected to leave relatively large amounts of 
(carbon) impurities at the surface. No systematic differences in the oval 
defect densities were found for the various pretreatments, however. 
4. From studies of residual (point defect) impurities in GaAs epitaxial 
layers, it was concluded that at high V/III ratios impurities substituting 
on Ga-sites are most important (e.g.27,9)· for relatively low V/III-ratios, 
impurities substituting for arsenic are dominant and surfaces are 
relatively arsenic-poor (27). The transition range is generally found for 
V/III-ratios from -10 to 20. This suggests that gallium-rich areas or 
clustering of arsenic vacancies may be responsible for the oval defect 
formation. In agreement with this, Baliga and Ghandhi (13) found evidence 
for a slight Ga-excess in similar MOCVD-grown oval defects. Similarly, 
clustering of vacancies was proposed to be responsible for formation of 
various defects in silicon epitaxy (22). Therefore, additional experiments 
to investigate the influence of these factors are described below. 
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5. During growth under 'optimum' conditions, macroscopic Ga-droplets were 
produced on the GaAs surface by stopping the arsine flow during a short 
period. After this, the growth process was continued. Typical growth 
hillocks or whisker-like defects were observed (fig.8). Which of these 
features were formed depended on the amount of liquid gallium on the 
surface (duration of the 'arsine puls') and the growth time after droplet 
formation. These results can be explained in terms of VLS-type mechanisms, 
in which preferential growth occurs at places where liquid gallium is 
present. This subject is out of the scope of this paper, however, and will 
not be discussed further here. The important conclusion from these 
experiments for this work is that macroscopic Ga-droplets do not lead to 
oval defect formation. 
Fig.8: Typical growth features observed after formation of small amounts of pure 
Ga on the surface during growth under 'optimum' conditions on 2° misonented 
(001) substrates, with Ртн(з=30 Pa. a: arsine flow stopped Ίξ s, growth continued 
for 30 min afterwards; b: arsine flow stopped 10 s, growth continued for 20 min. 
6. A consideration of the thermodynamic equilibrium situation of the GaAs 
crystal leads to the conclusion that for arsenic pressures which are normal 
under epitaxial conditions at 700°С (and which were also used in the 
present experiments), the composition of the crystal must be in the 
gallium-rich part of the solid existance region in the phase-diagram (28). 
During the (dynamic) crystal growth process such a consideration is not 
valid, but during the pre-annealing period before growth the crystal 
О 
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surface may be expected to be arsenic-poor. Varying the pre-annealing 
period from 5 to 45 min and the arsine pressure during this period from 60 
Pa to 600 Pa did not lead to a systematic variation of the density of oval 
defects. This observation does not, however, exclude the role of clustering 
of arsenic vacancies in oval defect formation, since the clusters may 
already have been formed at the surface after shorter annealing times. 
7. For growth temperatures above ~750"С oval defects were formed in several 
cases, even when higher V/III-ratios (20-40) were applied. This can be 
attributed to the much higher equilibrium arsenic pressure needed above the 
GaAs crystal in this temperature range. It should be remarked that this 
observation definitely indicates that adsorption of impurities, which 
should be less severe at higher temperatures, is not playing a decisive 
role In oval defect formation. 
In conclusion, from the influence of the V/III-ratio and its 
connection with the equilibrium pressure of arsenic above the crystal, it 
seems very probable that local clustering of arsenic vacancies or 
clustering of pure gallium atoms on an atomic scale are involved in 
formation of the oval defects. No direct experimental evidence for such 
mechanisms could be obtained, however. Since the density of defects was 
found to vary in different growth runs independent of controlable growth 
parameters, system impurities must also play a role. It seems probable that 
impurities adsorbed to the surface can act as 'condensation' nuclei for the 
clustering processes proposed above. Subsequently, local loss of epitaxy 
may lead to polycrystalline growth and defect formation. The influence of 
the original substrate surface may be attributed both to the presence of 
residual impurities and to the high vacancy concentration which is expected 
to be present after the pre-annealing procedure. 
3.3. TEMPERATURE 
In the temperature range between 660"С and ikO*C, epitaxial layers 
with a perfect surface morphology were routinely grown (when of course the 
proper V/III-ratio was selected). On layers grown above 750°С, oval defects 
were found, as discussed above. For growth temperatures below 660°С, 
phenomena typical of (impurity) adsorption effects, such as step bunching, 
were frequently observed ('b' in fig.9)· Additionally, large elevated 
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defects were found, which will further be called 'boat defects'. Their 
structure and formation will be discussed below, separately. 
3.3.І· Boat defecte: shape and etruature 
On 2' misoriented samples, which were most commonly used, the shape of 
the boat defects is characterized by a facetted 'head' (H) and a 'tail' 
part (T) (fig.9a). The length of the defects generally was of the order of 
several tens of microns for epilayer thicknesses in the range of 3"8 um. 
For exactly oriented (001) crysteus, the 'head' region H was situated in 
the centre of the defect (fig.9b). The strong dependence of the defect 
shape on misorientation is further demonstrated in fig.9c, in which an 
epilayer grown at 6^ 0·С on a 4' misoriented substrate is shown. 
The morphology of the boat defects was found to change considerably 
between growth runs. For 2' and 4° misoriented samples, in several cases 
the 'head' part was not clearly recognized (fig.9c,d). In addition, 
especially for the lowest growth temperatures used (~6000C-6250С) and thick 
epitaxial layers, polycrystalline material was found in the 'head' parts of 
some defects (fig.9e). (This will be worked out in more detail below.) In 
general, the boat defects tended to become more round and the 'head' parts 
became less pronounced facetted for increasing growth temperatures. 
Etching in molten KOH at 440°С showed that all boat defects had a 
length axis parallel to [110], independent of the misorientation and forced 
flow direction. Apart from differences in size, form and, as will be 
discussed below, crystallographic structure, this is the main 
characteristic which directly distinguishes these boat defects from other, 
e.g. oval-, defects. The misorientation is indicated in the pictures in 
fig.9 by fat arrows, which point in the propagation direction of the steps 
as imposed by the misorientation. It should be remarked that the shape of 
the defect 'tails' is more rounded in the direction of propagation of the 
steps (fig.9a,c,d,e). 
To study the crystallographic structure of the boat defects, first 
selective DSL etching was applied. The best results were obtained after 
mechano-chemical polishing of the epitaxial layers. In the 'head' parts, 
defect patterns were revealed (fig.10), but the 'tails' were found to be 
defect-free (fig.11,10). After short mechano-chemical polishing, e.g. a few 
microns from a 10 urn thick layer, and subsequent DSL etching, different 
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FÌK.9: Typical shapes of boat defects. H=head T=tail b=biinch features. 
a. Pronounced boat defects on a 2° misoriented crystal. This epilayer (15um) was 
grown at 6*15'С ; b. Boat defect on an exactly oriented crystal. This epilayer 
(4.5um) was grown at (AO'C. с Boat defects on а Ц' misoriented crystal. This 
epilayer (4.5цш) was grown at б^О'С; d. Boat defect in which no 'head part' is 
observed ( 2' misoriented crystal). This epilayer (Sum) was grown at 640°С; 
e. polycrystalline material in the head part (2* misoriented substrate). This 
epilayer (15um) was grown at бЮ'С; 
The directions of step propagation as imposed by the misorientations are 
indicated by the fat arrows; exact [110] directions are also indicated. 
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FiK.lO: Several forms of defects patterns observed after etching in 'head' parts 
of boat defects, a: after 2 um mechano-chemical polishing of this 14um thick 
layer, DSL etched; two points (1), relatively simple line patterns (2), strongly 
deformed material with polycrystalline inclusion (Ί); b: same treatment as a; 
complicated line pattern (3); c: same boat defects as in a, but after 8 um 
mechano-chemical polishing and successive DSL etching. 
Fig.11; a: Cleavage of a boat defect 'tail'; b: {110} 
cross section of the 'tail'in fig.11a, etched 0.5 um in 
D1:8^1/5L· d=dislocation; the arrow indicates the 
'tail' position. 
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types of defect patterns could be distinguished in the 'head' parts. 
Typical shapes are: 1. two points (dislocation hillocks); these always lie 
in the length direction of the boat ((1) in fig.10a); 2. a simple line 
pattern which can have various forms, e.g. closed squares, C- or L-shapes, 
two parallel lines ((2) in fig.10a); 3· a complicated pattern of lines ((3) 
in fig.10b) and, in the cases of strongest deformation, Ί. a complicated 
pattern of lines with a core substructure ((Ό in fig.10a). Such cores, 
which will be shown to contain polycrystalline material, were always found 
to etch more rapidly than the surrounding material. After deep 
mechano-chemical polishing, defect patterns were found to be more 
complicated in all 'head' parts. This can be clearly recognized from a 
comparison of fig.10a with fig.10c, which show DSL etch patterns of the 
same group of boat defects after shallow and deep mechano-chemical 
polishing, respectively. Evidently, crystallographic defects in these 
regions may terminate during growth by e.g. bending or formation of 
defect-loops, which prevents them to propagate more deeply into the 
epitaxial layer. 
To further examine the nature of the crystallographic disturbances in 
the boat defects, DSL revealed patterns were successively etched during 
15-ЗО sec in molten Κ0Η at kkO'C and, in some cases, examined by ТЕМ. In 
addition, sequent DSL-AB-DSL etching was employed and {110} cross-sections 
were DSL-photoetched to verify the crystallographic relations in the 'head' 
parts and to locate the nucleation site of the boat defects. 
The geometry of the etched patterns revealed by DSL-photoetching 
(fig.10) suggests the presence of stacking faults (S.F.) in the 'head' 
parts of most of the boat defects. Such an interpretation is confirmed by 
ТЕМ studies (fig.12). From the ТЕМ pictures, however, it is clear that the 
S.F. in these 'head' parts are not simple single defects, but consist of 
several parallel S.F. planes which are 'decorated' with numerous 
dislocations. The same conclusion also follows from К0Н etching of the 
simple line patterns in fig.10: etch pits are not only formed on the 
outcrops of the partial dislocations bounding the S.F., but are revealed 
along the whole S.F. line (fig.13). The complicated structure of these S.F. 
also explains why they are clearly revealed by DSL: since the intersection 
of a single S.F. plane with the surface is expected not to produce lattice 
deformation, DSL etchants are expected to be only sensitive to the outcrops 
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Fig.12: а: ТЕМ picture of the 'head' part of a boat defect on an exactly 
oriented crystal. Indicated are dislocations (d), stacking faults (S.F.). The 
central region clearly shows the presence of polycrystalline grains; b: detail 
fron a. 
Fig.13: C-shaped DSL etch pattern in the 'head' part of a 
boat defect which was successively etched during 30 sec in 
molten KOH at 4k0'C. 
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of the partial dislocations delimitating such S.F. and not to the 
intersection line itself (17)· In this case, however, crystallographic 
disturbances may be present along the whole intersection line, which 
consequently can be revealed by DSL etching. 
The ТЕМ picture in fig.12 was taken from a strongly deformed 'head' 
part with core substructure ((4) in fig.10a). The image shows the presence 
of a polycrystalline area in this defect, in addition to dislocations and 
stacking faults. 
In the sphalerite structure of GaAs, stacking faults are expected to 
be situated in {111} planes (29). Several observations in the present work 
are in agreement with this: 1. Dissolution of stacking faults (S.F.) in 
socalled 'projective etching' sequences (20) showed an angle of ~550 
between the plane of the S.F. and (001). This is illustrated in fig.l^a. 
Primarily, 0.3 um was removed with DSL to reveal the original S.F. position 
(line a in fig.l'la). Successively, 4.0 um of material was removed in an AB 
Fig.14: a: Projective DSL-AB-DSL etching 
sequence of a stacking fault; b: {110} 
cleavage cross section through a {111} S.F. 
plane etched with DSL; c: schematic drawing of 
the S.F. configuration as deduced from the 
etch patters in b. For explanation see text. 
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etchant, which has a large memory effect. Finally, the new S.F. position is 
revealed with DSL (line b in fig.l'ta). From the displacements a-b and the 
etch depth, the angle between the S.F. plane and (001) can be calculated. 
Note that in this square S.F. pattern only two partial dislocations are 
revealed. This must be attributed to the fact that the AB etchant is not 
sensitive to all dislocation types (30). The stacking faults in this case 
of a square line pattern are obviously arranged in a square-base pyramid 
configuration (5). 2. Cleavage cross sections also revealed the {111} S.F. 
planes under 55°· As an example, fig.l4b shows a stacking fault on which 
first a DSL-AB-DSL etch sequence was performed. On the {110} cleavage plane 
the intersection with the stacking fault is revealed by DSL (line с in 
f±g.l4b). The drawing in fig.l4c shows the crystallographic configuration 
of this S.F. plane. From the fact that both {110} intersections are under 
an angle of 55° , it is concluded that also this S.F. is part of a pyramid 
configuration (5)· Most probably, the other planes constituting the pyramid 
are less severely crystallographically disturbed, e.g. S.F. which are not 
decorated by dislocations, and therefore are not revealed by DSL. Similar 
observations were made for most S.F. line patterns in the 'head' parts of 
the boat defects. 
In layers grown at the lowest temperatures used (600-625°C), stacking 
fault (line) patterns were also revealed in the matrix between boat defects 
(fig.15a), though images generally were quite weak. The distribution of 
sizes of these matrix defects (assuming that all S.F. lie in {111} planes) 
showed that they were nucleated continuously during epitaxial growth. ТЕМ 
studies showed that their structure was much less complex than that of S.F. 
in the boat defects: though they were found to consist of a few parallel 
S.F. planes, decoration with dislocations was not observed (fig.15b). In 
agreement with this, only the partial dislocations delimitating the S.F. 
planes were revealed by К0Н etching (fig.15c). It is assumed that the much 
less disturbed structure in comparison with the 'head' parts of boat 
defects explains why on these defects no growth hillocks were formed (see 
discussion section). It should be remarked that under the conditions for 
which these matrix S.F. defects were formed often also the surface 
morphology deteriorated, whereas the surfaces of most samples used for this 
study were specular and quite smooth between the boat defects. 
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Р1кЛ5: Stacking faults (S.F.) between boat defects, a: after successive 
mechano-chemical polishing and DSL etching; b; typical ТЕМ image; c: square line 
pattern, etched 20 sec in molten KOH. 
d=(partial) dislocation etch pit. 
3.3-2. Boat defeats: origin and formation 
The fluctuation in the density of boat defects between various growth 
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runs was quite large. Their density generally was in the range 20-200 cm 
for growth temperatures between 660°С and 625°С. For temperatures below 
6250C the number of defects often was found to be higher (lO^lO'' c m - 2 ) . It 
should be remarked that the V/111-ratio did not influence the formation and 
density of the boat defects. 
To study the nucleation of the boat defects, experiments with a 
'buffer' layer were performed: after growth of a layer of a few microns 
under optimum growth conditions, the temperature was gradually decreased to 
630°С. This procedure reduced the number of boat defects to the order of 
5-10 cm . From the sizes of the stacking fault etch patterns, such as 
shown in fig. 10 and fig.l'la, the positions at which the boat defects were 
formed were calculated (assuming a {111} S.F. plane). Most defects {>90%) 
were found to nucleate within 0-0.5 um from the original substrate surface. 
This was also observed on cleavage cross sections (fig.l^b). From the above 
observations it is clear that most boat defects were formed near or at the 
substrate/epilayer interface, but in addition a number was created in later 
stages of the growth process. 
Substrate bulk defects had no influence on the formation of stacking 
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faults and boat defects. This was studied by first mapping the defects on 
the surfaces of the substrates by DSL etching. Sussessively, these samples 
were mechano-chemically polished and used for epitaxy. 
Dapkus and coworkers (12) found the same growth hillocks as the 
presently observed boat defects after growth at low temperatures (600°C). 
The surfaces were featureless, however, after growth at reduced pressures. 
We now conclude that (impurity) adsorption processes are involved in the 
creation of the boat defects from the observations that their formation (i) 
occurs at relatively low temperatures at which adsorption phenomena are 
expected to become important, (ii) occurs in a temperature range in which 
also step bunching is observed, (iii) does not occur at reduced pressures, 
(iv) is not related to bulk crystallographic defects, (v) is not related to 
other growth parameters, such as the arsine pressure in the system. 
Alternatively, enhanced adsorption of the hydrocarbon reaction products may 
be considered. Such processes are also well known to be responsible for 
stacking fault formation in epitaxial growth of silicon (22). 
3.4. INFLUENCE OF MISORIENTATION: FORMATION OF GHOWTt PLATEAUS 
Both on exactly (± 0.25°) and misoriented (2° , k° ) (001) substrates, 
specular and featureless epitaxial layers were routinely grown under 
'optimum' growth conditions. On the exact (001) epi-layers, however, 
rounded or oval (elevated) plateaus such as shown in fig.lóa and fig.l6b 
were sometimes observed. The characteristic width dimensions of these 
plateaus were 10-30 um for layers with thicknesses between 2 and 5 urn. The 
plateaus were almost round for low growth rates (<-3 um/hr) (fig.l6a), but 
became more oval-shaped when the growth rate was increased (>-8 um/hr) 
(fig.16b). The elongation direction of the oval plateaus was along [110] 
(as determined after KOH-etching). After shallow etching in molten K0H (30 
sec at ~ЦЦ0°С), numerous etch pits were observed on the plateaus (fig.l6c). 
Various larger pits can clearly be identified as dislocation-related. 
However, because of the high density of pits and their small sizes the 
presence of other (micro-)defects in the plateaus can not be excluded. 
DSL-etching of cleavage cross sections through the hillocks showed, that 
the defects revealed by the К0Н etchants originated at or very near the 
substrate/epilayer interface (fig.l6d). In addition, no relation was found 
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( d ) 
FiK.16: Plateaus found after growth on exactly 
oriented (001) substrates under 'optimum' 
conditions, a: growth rate 2 um/hr, layer thickness 
-4 um; b: growth rate 24 um/hr, layer thickness 
-3 um; the elongation of the hillock paral le l to 
[110] i s indicated; c: hillock after etching 30 sec 
in molten KOH at 440°С ; d; {110} cleavage cross 
section of a hillock, etched 0.20 um with DSL. 
Markers 20 urn. 
between the plateaus and substrate bulk defects ( f ig . lód) . 
On the presently used exactly oriented (001) material {±0.25°), the 
number of steps during growth i s much lower than on misoriented crysta ls . 
As a consequence, the step movement during growth must be much faster on 
exactly oriented surfaces than on misoriented crystals in order to obtain 
the same growth rate and the perfect epitaxial growth may more easily be 
disturbed by e.g. impurity adsorption on steps. These factors are believed 
to be involved in nucleation of the above described hil locks. Fig.iy 
i l lus t ra tes such a mechanism in which impurities (at or near the original 
substrate surface) cause formation of crystallographic defects. As will be 
explained in the next section, this leads to hillock formation. 
•in 
"47 -_ a 
b 
с 
Fig.17: Defect creation by impurity adsorption on a 
growth step, a: undisturbed rapid step movement; 
b: local blocking of step movement; c: impurity 
inclusion and defect nucleation. e=impurity. The 
arrows indicate the direction of step movement. 
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Ц. MECHANISMS OF HILLOCK FORMATION 
It was shown above that all morphological defects, which correspond to 
hillocks on the surface of the epitaxial layer, contain regions which are 
strongly crystallographically disturbed. Most probably, the hillock 
formation can be attributed to the extra emission of growth steps from the 
defect core, in which both dislocations with edge- and with 
screw-components can play a role (31)· The (much) higher step densities as 
compared with the undisturbed surface may consequently lead to a locally 
increased growth rate. In the core region itself another important factor 
may be that, because of the presence of defects, crystallographically rough 
areas ('rough hearts') are created in which the normal (2x1) reconstruction 
of the (001) surface is absent (31,32). This is also believed to lead to 
locally enhanced growth rates. It is obvious that the incorporation of 
Ga-growth species via the processes discussed above must be very efficient 
in order to lead to hillock formation, since growth rates in MOCVD of GaAs 
are mainly determined by gas phase mass transport of Ga-growth species 
(β.£.ΐΊ,19)· In this respect it can also be remarked that all hillocks 
observed in this work are only relatively low elevations on the surface as 
compared with the layer thickness (fig.6,11,16). Simple defects, such as 
single dislocations propagating from the substrate surface and 
'non-decorated' S.F. as shown in fig.15, evidently do not produce high 
extra step densities and, therefore, do not lead to hillock formation. On 
the basis of the above given concept, several morphological properties of 
the oval defects, boat defects and the growth plateaus observed on exactly 
oriented material are discussed below. 
From the model in fig.7, the ratio of the dimension of the oval defect 
on the surface of the epitaxial layer and the layer thickness is calculated 
to be 1.4. In the present experiments, the total dimensions of the hillock 
on the surface were found to be larger by a factor of -2. This effect can 
be directly explained by the extra emission of growth steps from the defect 
region, which causes some lateral overgrowth. 
The surface misorientation was found to influence the symmetry of both 
oval and boat defects: as compared with exactly oriented crystals, on 
misoriented material the crystallographically disturbed areas were shifted 
'upstream' of the step movement (fig.5,9)· This is attributed to a 
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geometrical effect, which is illustrated for the boat defects in fig.18. 
Fig.18: Influence of misorientation on the geometry of boat defects (drawing not 
on scale). 
The [110] length axis of the boat defects can be explained by a 
consideration of the atomic structure of the growth steps. Since the growth 
rates are determined by the supply of Ga-growth components (e.g. 14,19), it 
is assumed that arsenic is relatively abundant during the growth process. 
Therefore, in the following discussion steps are considered to be 
arsenic-rich. In principle, two different steps can be distinguished on 
(001), viz. in the [110] and [lIO] directions. A Ga growth component which, 
after surface diffusion on the (2x1) reconstructed (001) surface, arrives 
at the [lIO] step can only form a twofold bond with the lattice if one 
reconstructed As-As bond is broken, which is energetically unfavourable 
('S' in fig.19a)(32). Therefore, it seems probable that it will diffuse 
along the step untili it reaches a kink site (denoted by 'K' in fig.19a). 
Here, a strong triple bond can be formed by rupture of one reconstructed 
bond, and the Ga atom can be effectively incorporated. Impurity adsorption 
(which was concluded above to be responsible for nucleation of the boat 
defects) at this step and .especially, at a kink position also is expected 
to severely hinder diffusion of Ga-components along the step and 
Ga-incorporation and, therewith, blocks or hinders the step movement. In 
fig.19b the configuration of a [HO] step, which is essentially the same as 
a [110] step, is shown. A Ga growth component arriving at this step can 
directly form a strong triple bond with arsenic atoms at any position at 
the step by rupture of one As-As reconstructed bond, without step 
diffusion. In addition, local impurity adsorption at this step is not 
effective in hindering incorporation of Ga atoms, since many non-blocked 
sites remain available for effective Ga incorporation. Therefore, 
especially when impurity adsorption processes are important, growth of the 
steps in the [110] direction is expected to be more effective than growth 
of steps in the [lIO] direction. This may explain the observed elongation 
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Fig.19: Step configurations on an arsenic-rich (2x1) reconstructed (001) 
surface, a: [1І0] step; b: [ΪΪ0] step. For explanation see text. 
of the boat defects. 
For the oval defects, no preferential crystallographic direction was 
observed. Considering the low step free energies, which are mainly 
determined by surface reconstruction (32), this effect may be attributed to 
roughening of the growth steps at the more elevated temperatures at which 
formation of the oval defects was studied, with a consequent removal of the 
step anisotropy. An additional factor may be that impurity adsorption at 
steps, which was proposed above to enhance the step anisotropy, is reduced 
at more elevated temperatures. Such reasoning is supported by the fact that 
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the growth plateaus observed on exactly oriented material again reflect the 
preferential [110] direction for the highest growth rates (fig.l6b): In the 
temperature range in which these defects were studied (~700CC) the step 
anisotropy is not fully removed, but can again become manifest for these 
high step velocities (highest growth rates, exactly oriented material). 
5- CONCLUSIONS 
For a wide range of experimental conditions, specular and featureless 
epitaxial layers were grown. However, morphological and crystallographic 
defects were formed under certain experimental conditions. The results can 
be summarized as follows: 
-1. For V/III-ratios between -2 and 15 (temperatures 680°C-7200C) and at 
more elevated temperatures (>~'J50°C), so-called oval defects were formed. 
These defects were found to consist of a central polycrystalline core with 
a twinned region forming the transition to the perfect matrix. The 
presently found oval defects were concluded to have the same structure as 
similar defects found in M.B.E.-grown layers. The creation of the defects 
most probably is related to local clustering of arsenic vacancies or atomic 
gallium. 
-2. For growth temperatures below -660'С, so-called boat defects were 
formed. These consist of a 'head' and a 'tail' part. The 'head' parts were 
found to contain a large variety of crystallographic defects, including 
dislocations, stacking faults and, in some cases, polycrystalline material. 
The 'tail' parts were defect-free. Creation of the boat defects was 
concluded to involve impurity adsorption or, alternatively, enhanced 
adsorption of reaction products. The [110] elongation of the boat defects 
was explained from a consideration of the [110] and [1І0] step 
configurations on an arsenic-rich, (2x1) reconstructed, (001) surface. 
-3· On exactly (±0.25") oriented (001) crystals, occasionally rounded 
plateaus were found after epitaxial growth. For low growth rates (<3 um/hr) 
these were round, but for higher growth rates (>8 um/hr) they were 
elongated in the [110] direction. These hillocks were found to contain 
numerous dislocations, generated at or near the original substrate surface. 
All morphological growth features described above are hillocks. The 
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locally increased growth rates were explained by assuming extra emission of 
growth steps from the strongly deformed regions. For the 
crystallographically disturbed cores themselves a so-called 'rough heart' 
model may be valid. 
In general, it can be concluded that almost all defects which are 
newly created in the epitaxial layer, i.e. which are not propagating from 
the substrate bulk, were nucleated at or near the original substrate 
surface. The density of the defects which formation was found to be related 
to the growth parameters (temperature and V/III-ratio) could be greatly 
reduced by first growing a 'buffer' layer of a few microns thickness under 
'optimum' growth conditions. 
Mechanical damages on the substrate surface, which could only be 
observed after defect-selective etching, were found to create dislocations 
in the epitaxial layers. Since these work damages in fact consist of 
numerous dislocation loops at or near the original surface, this is simply 
a process of propagation of dislocations from the bulk. Chemical etchants 
remove these work damages, but leave images on the surface, which are also 
observed on the MOCVD-grown epitaxial layers. 
Finally, it has been shown that the DSL etching technique is a very 
powerful tool in the study of the structure, distribution and history of 
creation of defects in epitaxial GaAs layers. 
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SAMENVATTING 
In dit proefschrift worden enerzijds defectstudies aan bulk gallium 
arsenide kristallen besproken, anderzijds worden onderwerpen op het gebied 
van de epitaxiale groei van GaAs via het zogenaamde MOCVD proces behandeld. 
Voor wat betreft de defectstudies moet onderscheid gemaakt worden tussen 
twee hoofdgroepen van kristalfouten, te weten: (1) kristallografische 
fouten, zoals bijvoorbeeld dislocaties, stapelfouten, microprecipitaten, en 
(2) puntfouten, waaronder intrinsieke puntfouten, onbedoelde 
verontreinigingen, doteringselementen en complexen vallen. Deze twee 
groepen worden dan ook gescheiden behandeld in deel I en II van dit 
proefschrift. De resultaten van dit werk worden toegepast in de 
karakterisering van MOCVD gegroeide lagen, hetgeen besproken wordt in deel 
III. In feite wordt in de eerste twee delen het gereedschap aangedragen 
waarmee de eigenschappen van de epitaxiale kristallen bestudeerd kunnen 
worden en waarmee men kan komen tot interpretatie van aspecten van het 
kristalgroeiproces. 
Een van de meest krachtige technieken om kristallografische fouten in 
halfgeleidermaterialen te bestuderen is nat-chemisch etsen: door 
verschillen in chemische potentiaal tussen perfecte en verstoorde gebieden 
op het kristaloppervlak ontstaan verschillen in etssnelheid die leiden tot 
hoogteverschillen gedurende het oplossen van het materiaal. In de 
hoofdstukken 2 t/m 6 (deel I) worden twee nieuwe nat-chemische etssystemen 
besproken, DSL en DCL genoemd, die gebaseerd zijn op oplossingen van 
respectievelijk CrOo-HF en CrOo-HCl. Met deze etsmiddelen kunnen defecten 
in het GaAs materiaal zichtbaar gemaakt worden na verwijderen van slechts 
enkele tienden van een micron van het oorspronkelijke (gladde) oppervlak. 
Kinetiek en morfologische aspecten van deze systemen worden beschreven als 
functie van de samenstelling van de oplossingen voor diverse typen 
materialen en kristaloriëntaties. Belichting speelt een belangrijke rol in 
de foutopheldering: zowel oplossnelheden als de foutgevoeligheid worden 
sterk verhoogd wanneer licht wordt gebruikt gedurende het etsproces 
(hoofdstukken 2,5,6). Voor het DSL systeem is een fundamentele 
electrochemische studie uitgevoerd die, samen met de ets-kinetische 
resultaten, heeft geleid tot het opstellen van een gedetailleerd mechanisme 
voor het oplosproces (hfd.S.^). Met behulp van het voorgestelde 
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(oppervlakte-) reactieschema is het mogelijk gebleken alle belangrijke 
eigenschappen van het etssysteem te verklaren. Bovendien konden enkele 
algemene concepten geformuleerd worden waarmee de foutgevoeligheid te 
verklaren is (hfd.5). Op basis hiervan worden een aantal verschillende 
oppervlaktestructuren, zoals die waargenomen worden na etsen, verklaard. 
In deel II van dit proefschrift worden de resultaten van een 
puntdefectstudie aan GaAs besproken. Daar veel van deze fouten stralende 
recombinatiecentra voor verval van door belichting gegenereerde 
ladingsdragers zijn, is fotoluminescentie als belangrijkste 
karakteriseringsmethode gebruikt. Ter bestudering van de defectchemie zijn 
GaAs kristallen nagestookt onder zeer zuivere condities. De experimenten 
zijn uitgevoerd onder vaste gallium- en arseendrukken, waardoor de 
(puntdefect-chemische) evenwichtspositie binnen het fasediagram geheel 
vastligt. Ook zijn in enkele gevallen zuivere (verontreinigings-) elementen 
toegevoegd tijdens het nastoken. De resultaten van deze studie zijn 
tweeledig. In de eerste plaats zijn diverse nieuwe defectcentra met hun 
corresponderende p.l. lijn geïdentificeerd. Ten tweede is het mogelijk 
enkele conclusies te trekken aangaande het diffusiegedrag van diverse 
defectcentra. 
Het derde deel van dit proefschrift omvat onderwerpen die betrekking 
hebben op de epitaxiale groei van GaAs via MOCVD, waarbij trimethylgallium 
en arsine als uitgangsmaterialen worden gebruikt. De bruto reactie voor dit 
proces dat verloopt bij verhoogde temperaturen is: 
Ga-(CH3)3 + AsH, MÜL£» GaAs + CHj, 
In hoofdstuk 8 wordt aandacht besteed aan de gasflowdynamica in 
horizontale (MO)CVD reactoren. Omdat de groeisnelheid in het MOCVD proces 
bepaald wordt door massatransport van de Ga-component zijn flowdynamica en 
diffusieprocessen de factoren die depositiesnelheden, en daarmee ook de 
gasfase-uitputting, beheersen. Zowel inzicht in de gassnelheidsverdeling in 
de cel, dat verkregen wordt uit eerdere studies, als inzicht in het verloop 
van concentraties van actieve componenten, dat verkregen wordt uit een in 
dit werk nieuw opgesteld model, blijken essentieel voor begrip van de 
groeisnelheidsdistributie en optimalisatie van de reactorconstructie. 
Puntdefecten in GaAs epitaxiale lagen komen aan de orde in hoofdstuk 
9. waar gebruik gemaakt wordt van de resultaten van de eerdere studie in 
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hoofdstuk 7. Van een groot aantal onafhankelijke groeiparameters is de 
invloed bekeken op de defecthuishouding in de lagen en het blijkt dat niet 
alleen intrinsieke parameters, zoals de As/Ga verhouding in het groeigas en 
de temperatuur gedurende de groei, belangrijk zijn, maar ook bijvoorbeeld 
de axiale positie in de reactorcel. In dit werk worden conclusies getrokken 
enerzijds omtrent aard en herkomst maar anderzijds ook omtrent het 
inbouwmechanisme van de belangrijkste puntfouten. 
In het laatste hoofdstuk worden structuur, herkomst en 
vormingsgeschiedenis van kristallografische fouten in de epitaxiale lagen 
besproken. De belangrijkste karakteriseringstechniek die gebruikt is in 
deze studie is het foutgevoelig DSL-etsen, wat besproken wordt in deel I, 
in combinatie met microscopische methodes. Door de vorming van de fouten te 
bekijken bij een systematische variatie van groeiparameters kunnen 
verscheidene conclusies getrokken worden omtrent de oppervlakteprocessen 
die zich voordoen tijdens MOCVD kristalgroei. 
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STELLINGEN 
I 
De door Saitoh en co-auteurs gegeven interpretatie van karakteristieke 
etspatronen op {100} Cr-gedoteerde GaAs kristallen in termen van chroom 
precipitatie is niet correct. De waargenomen etsmorfologie is typisch voor 
lokale verschillen in doteringsconcentratie die ontstaan zijn door opbreken 
van het {100} groeifront in {111} begrensde pyramides ten gevolge van 
constitutionele onderkoeling. 
- I. Saitoh, S. Matsubara and S. Minagawa, J. Electrochem. Soc. 122 (1975) 670 
II 
Bij bestudering van de effectieve verlaging van de kristalgroeisnelheid in 
LPCVD van Si door toevoeging van zeer kleine hoeveelheden fosfine dient men 
niet de verhouding РНз/5іН4 in de gehele gasfase, maar veeleer de verhou­
ding van actieve adsorberende PH2 en SÌH2 deeltjes te beschouwen, die 
wezenlijk anders ligt. 
III 
Ondanks het feit dat in onze maatschappij bescheidenheid als deugd wordt 
aangemerkt, leidt juist het tegenovergestelde vaak tot verhoogde carrière-
kansen en aanzien. 
IV 
De "gesmolten К0Н" preferentiële etsmethode voor GaAs is niet geschikt om 
theoretisch voorspelde dichtheidsverdelingen van stress-geïnduceerde 
dislocaties te verifiëren. 
- A.S. Jordan, R. Caruso and A.R. von Nelda, Bell System Technical Journal 59 (1980) 593 
- M. Duseaux and G. Jacob, Appi. Phys. Lett. 40 (1982) 790 
V 
Dat behalve {111} vlakken ook meestal {001}, {110} en {113} facetten worden 
waargenomen bij zgn. "bolproeven" van GaAs en Si kan verklaard worden door 
tweede en derde nabuurinterakties aan het kristaloppervlak aan te nemen. 
VI 
Het verdient aanbeveling dat de overheid het regelmatig verkassen van haar 
hoger opgeleid personeel meer stimuleert in plaats van, zoals nu vaak het 
geval is, effectief tegenwerkt. 
- zie ook: Thomas Mann, in: "De Toverberg", Arbeiderspers, Amsterdam (1980) p.136/137 
VII 
De door Hurle, met behulp van berekenen en fitten met experimentele data, 
gevonden uitdrukking voor de ionisatiekonstante van arseenvacatures heeft 
geen fysische realiteit. 
- D.I.J. Hurle, J. Phys. Chem. Solids 40 (1979) 613 
Vili 
Doorgaans zijn er op de jaarlijkse bescheurkalender/agenda van Van Kooten 
en De Bie vele uitspraken te vinden die het gemiddelde nivo van de zoge­
naamde "komische stelling" ruimschoots overtreffen. 
IX 
Indien de begrippen "fiktie op televisie" en "realiteit op televisie" als 
niet van elkaar te onderscheiden elementen opgevat kunnen worden, dan is 
het aanbevelingswaardig de begrippen fictie en realiteit in het algemeen 
eveneens opnieuw onder de loep te nemen. 
- M.M.G. Peeters, In: "Televisiefiktie en televisierealitelt in eikaars beeld", doctoraal­
scriptie kommunlkatlewetenschap, K.U. Nijmegen (1985) 
X 
Het door Schneer voorgestelde concept om de morfologie van kristallen te 
verklaren en voorspellen met electronendichtheidskaarten voor de 
verschillende vlakken gaat voorbij aan het feit dat slechts een gering 
deel van deze electronen, namelijk die die bijdragen aan bindende toestanden, 
van belang kunnen zijn in zo'η beschouwing. 
- C.J. Schneer, In: "Crystal form and structure", Dowden, Hutchinson & Ross, \ew York (1977) 
XI 
Bij promoties verhoudt de toga der hoogleraren zich tot het rokkostuum van 
de promovendus als antiek tot oud: het een vertegenwoordigt een eeuwenoude 
traditie en is daarom onvervangbaar, het ander is een mode-uiting en 
derhalve aan vernieuwing toe. 
- G.D.J. Schotel, In: "De academie te Lelden in de 16e, 17e en 18e eeuw", Kruseman & Ijeenk 
Willink, Haarlem (1875) p.338 
- G.D.J. Schotel, in: "Bijdrage tot de geschiedenis der kerkelijke en wereldlijke kleding", 
P.H. Noordendorp, 's Gravenhage (1856) p.235 
- M. Conrads en G. Klinkhamer, in: "Elseviers kostuumgids", Elsevier, Amsterdam (1981) 
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